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1.  INTRODUCTION 


Nuclear  weapons  may  produce  significant  levels  of 
undesired  damage  collateral  to  achieving  the  desired  effects  on 
the  enemy.  This  collateral  damage,  which  will  be  defined  later  in 
more  detail,  is  broadly  taken  to  mean  any  form  of  undesired 
damage  including  civilian  casualties  and  damage  to  the  civilian 
infrastructure."  The  type  and  degree  of  collateral  damage  pro- 
duced by  nuclear  weapons  depends  on  many  factors  including  the 
proximity  of  civilian  populations  to  target  areas,  the  popula- 
tion sheltering  available,  the  amount  of  warning,  civil  defense 
actions,  the  type  and  yield  of  weapons,  the  weapon  height-of- 
burst,  etc. 

This  is  an  interim  report  on  collateral  damage.  The 
emphasis  of  this  report  is  on  civilian  casualties  produced  by 
prompt  weapon  effects,  and  it  summarizes  the  results  obtained 
under  Defense  Nuclear  Agency  contracts  DNA001-76-C-0039  and 
DNA001-77-C-0081 . 

l.l  PURPOSE  OF  REFORT 

The  objective  of  this  report  is  to  be  a resource  on 
phenomena  related  to  collateral  damage  produced  by  nuclear 
weapons.  It  is  complementary  to  a report  prepared  by  Science 
Applications.  Inc.,  on  collateral  damage  produced  by  conventional 
weapons  (Ref.  1.1)  which  was  compiled  under  a separate  effort 
for  the  Defense  Nuclear  Agency,  contracts  DNA001-76-C-0085, 
Subtask  4 and  DNA001-76-C-0039,  Amendment  P00001. 

This  report  is  not  intended  to  be  a weapon  employment  j 
planner's  manual.  Rather,  one  of  its  prime  purposes  it  to  serve 
as  a consistent  data  base  for  selection  of  casualty  criteria 
and  uncertainty  information  to  be  incorporated  into  such  manuals 
and  to  assist  in  establishing  collateral  damage  guidelines  * 


jpr—  Tv- 


related  to  the  employment  of  nuclear  weapons.  The  Defense 
Nuclear  Agency  sponsored  an  effort  to  develop  recommendations  for 
such  guidelines,  i.e.,  the  Nuclear  Effects  Damage  Assessment 
Guidelines  Working  Group  (NEDAG)  (Ref.  1.2) 

This  report  contains  the  results  of  a comprehensive 
analysis  of  the  uncertainties  related  to  the  effects  of  nuclear 
weapons  on  personnel.  The  results  indicate  which  of  the  uncer- 
tainties and/or  normal  variations  are  the  most  important  with 
respect  tc  the  ability  to  accurately  predict  collateral  damage. 
Certain  of  these  important  uncertainties  can  be  reduced  by 
additional  experimental  and/or  analytical  effort.  This  report 
identifies  those  areas  where  additional  efforts  would  have  a 
significant  impact  on  reducing  uncertainties. 

1.2  TYPES  OF  COLLATERAL  DAMAGE 

As  is  well  known,  nuclear  weapons  produce  a vanity  of 
effects.  These  can  create  various  forms  of  direct  and  indirect 
damage  to  civilians  and  civilian  structures.  Considering  the 
damage  produced  by  the  prompt  effects  of  nuclear  weapons,  some 
forms  of  damage  are  obvious  and  immediate  (civilians  killed 
outright,  structures  damaged,  etc.)  while  other  forms  are  not 
so  obvious  and  may  become  apparent  weeks  after  the  attack  (damage 
to  the  infrastructure,  e.g  , degraded  health-care  systems  which 
may  increase  the  fatality  race  for  those  seriously  injured). 

Still  ether  forms  of  damage  may  occur  years  after  the  attack 
(e.g.,  life ’Shortening  effects  such  as  increase^  incidence  of 
cancer) . 

A convenient  way  to  classify  collateral  damage  is  to 
divide  it  into  two  categories,  health  effects  and  property 
damage.  Health  effects  are  direct  effects  on  the  untargeted 
population  including  fatalities,  injuries  and  long-term  effects 
produced  by  nuclear  weapons.  Property  damage  would  include 
structural  damage  such  as  residences  (houses,  apartment.-.. 


hotels,  etc.),  public  buildings  (schools,  churches,  libraries, 
museums,  etc.),  historic  structures,  commercial  industrial  and 
government  buildings.  Property  damage  would  also  include  dam- 
age to  health-care  facilities  (hospitals,  clinics,  etc.),  utility 
facilities  (electric  power,  gas,  water,  sanitation,  etc.), 
transportation  facilities  and  structures  (roads,  bridges,  ter- 
minals, etc.),  as  well  as  damage  to  croplands  and  wildlands 
that  directly  or  indirectly  impact  upon  the  health  and  well- 
being of  the  affected  population.  The  list  of  items  for  poten- 
tial property  damage  is  very  extensive. 

Another  way  to  examine  collateral  damage  is  to  deter- 
mine how  nuclear  weapons  affect  the  "infrastructure"  The  infra- 
structure may  be  thought  of  as  being  a complicated  network  of 
interrelated  socio-economic  systems  such  as  the  health-care  sys- 
tem, law-enforcement  system,  etc.  Such  systems  are  made  up  of 
organized  groups  of  people  (frequently  trained  personnel) , 
facilities,  and  material  Damage  to  these  systems  can  be  assessed 
in  terms  of  property  damage,  financial  impact,  as  well  as  the 
direct  impact  on  the  population  such  as  aggravating  health  effects. 
Examples  of  such  systems  are  given  below. 

• Health  care  systems  (hospitals,  clinics,  personnel, 
supplies) 

• Sanitation  systems  (sewers,  treatment  plants,  trash 
and  garbage  removal). 

• Water  supply  systems  (wells,  reservoirs,  water  lines, 
treatment  plants). 

« Electric  power  systems  (power  plants,  transmission 
grids,  transformer  stations). 

• Natural  gas  systems  (plants,  booster  stations,  gas 
lines) . 
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Communication  systems  (radio/TV  stations,  telephone 
lines  and  distribution  facilities) . 

Food  supply  systems  (crops  in-the-field , unprocessed 
commodities,  processed  foods  in  storage). 

Fire-fighting  systems  (facilities,  equipment,  person- 
nel, supplies). 

Law  enforcement  systems  (facilities,  equipment,  per- 
sonnel, supplies). 

Emergency  control  systems  (Civil  Defense,  communica- 
tions, etc.). 

Transportation  systems  (rail  systems,  road  systems, 
public  transportation  systems,  air  travel  systems). 

Financial  systems  (banks,  money  supplies,  etc.). 

Consumer  goods  supply  systems  (warehouses,  stores, 
manufacturing  facilities). 
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EMPHASIS  OF  COMPLETED  ANALYSIS 


The  analysis  performed  during  the  initial  phase  of 
this  effort  was  devoted  to  early-time  casualties  (fatalities, 
injuries,  and  threshold  effects)  which  manifest  themselves 
within  60  days  and  result  from  the  prompt  environment  of  nuclear 
weapons.  The  primary  casualty  producing  effects  include  radi- 
ation sickness  (from  the  ionizing  radiation  of  prompt  gamma  rays, 
prompt  neutrons,  air-secondary  gamma  rays  and  fission-product 
gamma  rays),  airblast  injury  (produced  by  the  direct  effects 
on  body  organs,  the  secondary  effects  of  debris  and  missile 
impact  on  the  body  and  the  tertiary  effects  of  whole  body 
translation  and  impact),  and  thermal  burns  (from  direct  thermal 
radiation  and  fires). 

A detailed  analysis  was  made  of  the  uncertainties  re- 
lated to  weapon-produced  environment  on  the  exposed  personnel. 
This  analysis  included  uncertainties  and  normal  variations  of 
weapon  output  characteristics,  the  free-field  environments 
(initial  nuclear  radiation,  airblast,  and  thermal  radiation). 
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and  modifications  to  these  environments  due  to  atmospheric  effects 
(e.g.,  weather),  terrain  effects  and  structural  effects.  Also, 
uncertainties  and  variations  in  personnel  response  to  the  indi- 
vidual weapon  environments  were  compiled. 


A methodology  was  developed  for  assessing  the  impact 
of  the  uncertainties  and  to  generate  damage  functions  for  per- 
sonnel in  various  sheltering  conditions.  This  methodology  also 
provides  estimates  of  the  confidence  levels  for  the  damage  func- 
tions. Monte  Carlo  techniques  were  used  to  obtain  both  the  dam- 
age functions  as  well  as  their  confidence  levels. 

1.4  APPROACH 

The  approach  to  this  program  is  summarized  in 
Figure  1.1.  A survey  was  made  of  previous  research  and  analysis 
on  the  effects  of  nuclear  weapons  on  personnel.  This  included 
research  sponsored  by  many  government  agencies  including  sig- 
nificant programs  sponsored  by  the  Defense  Nuclear  Agency  and 
the  Defense  Civil  Preparedness  Agency.  The  results  of  this  sur- 
vey and  a compilation  of  biomedical  effects  of  nuclear  weapons 
are  given  below  in  Section  5 

One  of  the  objectives  was  to  identify  low  probability 
phenomena  which  may  be  important  at  large  distances  from  the 
burst  point,  i.c.,  phenomena  which  may  have  been  ignored  in  pre- 
vious personnel  criteria  analysis  but  none- the- less  could  be  an 
important  contributor  to  casualty  production  at  large  ranges.  If 
such  effects  are  responsible  for  one-  to  ten-percent  casualty 
probabilities,  at  large  ranges,  it  could  be  significant  from  a 
collateral  damage  viewpoint. 

During  the  early  stages  of  the  current  effort,  one  such 
phenomena  was  identified  which  warrented  a separate  task  con- 
ducted during  the  current  research  period,  i.e.,  fires  produced 
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Figure  1.1.  Frogram  Approach. 


by  nuclear  weapons  and  Che  casualties  resulting  from  people  being 
burned  or  overcome  by  smoke  and  toxic  combustion  gases.  A small 
analysis  effort  was  performed  on  the  impact  of  fires  on  casualty 
production.  The  results  of  this  effort  are  given  in  Section  4.3 
of  this  report. 

An  assessment  was  made  of  the  inherent  uncertainties 
and  the  normal  variations  which  are  present  in  the  nuclear  weapon 
effects  data  and  the  casualty  response  data.  Basically,  these 
data  were  obtained  from  the  survey  of  biomedical  responses  and 
DNA  summaries  of  weapon  test  results.  However,  the  most  valuable 
information  on  these  uncertainties  was  obtained  from  the  experts 
in  the  field.  The  uncertainties  related  to  weapon  output  and 
environments  are  given  in  Section  3 and  those  related  to  shel- 
tering characteristics  are  given  in  Section  4 and  in  Section  5 
for  personnel  response. 

The  set  of  damage  functions  is  the  basic  part  of  any 
methodology  for  predicting  the  probability  of  damage  produced  by 
nuclear  weapons.  Figure  1.2  shows  a typical  representation  of 
a damage  function  for  casualty  predictions.  These  functions 
are  generally  very  specific,  e.g.,  the  probability  as  a function 
of  range  that  a stated  level  of  damage  will  be  produced  by  a 
warhead  of  a given  type  and  yield  when  detonated  at  a given 
height-of-burst . 

The  damage  function  can  be  represented  in  a closed 
analytic  form  (e.g.,  the  complement  of  the  cumulative  lognormal 
function)  or  a generalized  form  (e.g.,  pointwise  in  range). 

It  may  be  explicit  (e.g.,  AP-550  methodology)  or  implicit  (e.g., 
FM101-31  methodology) . 

Confidence  limits,  as  shown  in  Figure  1.2,  are  net  new 
incorporated  into  any  of  the  standard  damage  methodologies. 

The  current  methodologies  use  safe-sided  criteria,  if  required, 
to  achieve  the  degree  of  assurance  required  in  weapon  employment 
planning. 
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The  approach  used  in  this  analysis  was  to  assess  the 
uncertainties  and  variations  in  the  weapon  effects  data.  This 
is  shown  schematically  in  Figure  1.3  where  the  uncertainty  analy- 
sis starts  with  the  source  and  continues  with  the  uncertainties 
in  free- field  weapon  environments  and  the  additional  uncertain- 
ties caused  by  environment  modifications,  the  uncertainties  in 
sheltering  characteristics,  and  finally  the  uncertainties  in 
personnel  response  to  the  weapon  environments. 

The  parameters  which  represent  the  various  uncertain- 
ties are  numerous,  complex,  and  interdependent.  A Monte  Carlo 
procedure  was  developed  for  performing  error  propagation  analy- 
sis. This  is  shown  schematically  in  Figure  1.4.  Details  of  the 
procedure  are  given  in  Section  6 of  this  report. 

The  results  of  the  analysis  procedure  are  1)  the  damage 
function  for  a specific  set  of  conditions  (the  weapon  environments 
are  folded  with  the  response  function)  and  2)  the  confidence 
estimates  for  the  damage  function.  An  example  of  the  various 
individual  contributions  to  the  damage  function  is  shown  in 
Figure  1.5,  and  the  combined  (final)  damage  function  is  shown 
in  Figure  1.6  along  with  the  90-percent  confidence  limits. 

This  figure  also  shown  a comparison  between  the  results  of  our 
current  work  and  damage  functions  obtained  from  AF-550  data  (two 
versions) . 


****** 
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The  varied  phenomena  produced  by  nuclear  weapons  manifest 
themselves  by  producing  different  forms  of  damage.  Table  2.1 
summarizes  some  of  the  important  types  of  damage  produced  by  * 

nuclear  weapons  and  the  energy  component  which  is  the  primary 
cause  of  che  damage. 
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The  relative  importance  of  these  various  energy  com- 
ponents changes  with  weapon  yield.  Initial  nuclear  radiation  is 
usually  the  dominant  personnel  casualty-producing  mechanism  for 
low-yield  weapons  (si  KT) , while  airblast  and  thermal  radiation 
effects  are  usually  the  dominant  causes  of  personnel  casualties 
for  higher-yield  weapons  (>  30  KT) . Figure  2.1  shows  the  ranges 
of  selected  weapon  environment  levels  of  interest  for  collateral 
damage  produced  by  low-yield  weapons  detonated  at  a 200-ft/KT1^3 
scaled  height-of-burst.  For  example,  this  figure  shows  that,  for 
people  in  the  open  (no  protection  from  any  weapon  effects) . the 
range  to  150  rads  is  larger  than  the  range  to  2 cal/cm2  for  all 
weapon  yields  below  about  1 KT. 


It  is  important  to  recognize  that  when  weapon  effects 
vulnerability  levels  are  stated,,  they  are,  in  reality,  indexed  to 
a single  aspect  of  the  weapon  phenomena,  e.g.,  damage  levels  for 
airblast-sensitive  objects  are  indexed  to  either  the  peak  over- 
pressure or  the  peak  dynamic  pressure.  Vulnerability  values  (e.g., 
10  psi  to  produce  a given  damage  level)  frequently  change  as  a 
function  of  weapon  yield.  Peak  overpressure  levels  for  specific 
airblast  effects  tend  to  decrease  with  increasing  yield  (due  to 
the  increased  impulse  resulting  from  increased  pulse  lengths), 

2 

and  radiance  levels  (cal/cm  ) for  specific  thermal  radiation 
effects  tend  to  increase  with  yield  (again  due  to  the  increased 
thermal  pulse  length  which  results  in  decreased  temperature  rises 
due  to  thermal  conduction). 
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Essentially  all  of  the  nuclear  radiation  produced  by 
airburst  weapons  is  emitted  within  one  minute  (the  defined  time 
limits  of  "initial"  nuclear  radiation)  independent  of  weapon 
yield.  The  human  body  is  not  sensitive  to  variations  in  time-of- 
exposures  for  time  periods  less  than  one  minute.  However,  it  can 
recover  to  some  extent  from  radiation  exposures  if  the  exposure 
is  received  over  a much  longer  time  period  (days)  or  is  given 
in  pulses  separated  in  time.  Therefore,  all  radiation  exposures 
experienced  by  an  individual  within  a time  period  of  about  one 
day  need  to  be  added  before  any  prediction  of  the  consequences 
can  be  made . 

In  this  section,  the  personnel  casualty  mechanisms  con- 
sidered thus  far  are  described  briefly.  A detailed  discussion 
and  numerical  values  for  casualty  criteria  are  presented  in 
Section  5. 


2.1  NUCLEAR  RADIATION  EFFECTS 
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As  was  stated  earlier  and  shown  in  Figure  2.1,  nuclear 
radiation  is  the  dominant  cause  of  casualties  for  low-yield 
nuclear  weapons.  This  is  basically  true  regardless  of  the  type 
of  radiation  protection  provided  by  most  shelters. 

Radiation  effects  on  man  may  be  categorized  in  a number 
of  different  ways.  Some  have  proposed  dividing  the  effects 
into  "somatic"  and  "genetic"  effects,  where  somatic  effects 
appear  in  the  individual  irradiated  and  genetic  only  in  sub- 
sequent progeny.  Somatic  effects  can  be  subdivided  into  early 
(S  60  days)  and  late  effects  and  each  effect  further  categorized 
as  shown  in  Table  2.2. 

Only  three  of  these  effects  will  be  considered  in  our 
present  assessment  of  collateral  damage:  prodromal  response, 
hemotological  depression  and  early  lethality.  These  are  to  be 
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Table  2.2.  Somatic  ertecCs. 

Early  Effects 

• Skin  - erychema  and  moist  desquamation 

• Prodromal  response  (radiation  sickness) 

- gastrointestinal  (anorexia,  nausea, 
vomiting,  diarrhea,  intestinal  cramps, 
salivation,,  dehydration  and  weight  loss) 

- neuromuscular  (easy  fatigability,  apathy 
or  listlessness,  sweating,  fever,  headache, 
and  hypotension  followed  by  hypotensive 
shock) 

• Hematological  depression 

• Early  lethality 

• Decreased  fertility  and  increased  sterility 

Late  Effects  < 

• Permanent  or  delayed  skin  changes 

• Increased  incidence  of  cataract 

• Increased  incidence  of  leukemia  and  other  , 

neoplastic  disease  ' 


Both  apparent  and  lethal  injuries  have  definitive  symp- 
toms and  end-points,  whereas  a burdening  level  is  quite  diffi- 
cult to  define  but  is  of  immense  importance  because  of  the  impli- 
cations it  makes  on  the  quantity  of  health  care  necessary  to 
support  the  individuals  irradiated. 


There  are  large  errors  associated  with  prediction  of 
casualties  due  to  radiation.  Ninety  percent  confidence  limits 
for  predictions  of  the  free-fieid  dose  are  about  +357.  at  one 
kilometer,  and  are  about  + 507.  for  the  doses  associated  with 
particular  radiation  responses  of  man.  However,  the  large  un- 
certainties (order  of  factor  of  three)  in  radiation  protection 
factors  dominate  those  given  above  for  typical  structures.  Addi- 
tional analysis  of  radiation  protection  factors  appropriate  for 
specific  areas  of  interest  would  reduce  these  uncertainties. 


However,  since  nuclear  radiation  decreases  approximately  a 
factor  of  two  for  each  additional  100  meters  of  range,  large 
uncertainties  in  exposure  response  and  protection  do  not  result 
in  large  range  uncertainties . 

2.2  THERMAL  RADIATION  EFFECTS 

Thermal  radiation  effects  can  be  an  important  factor  in 
casualty  production  for  chose  individuals  directly  exposed  to 
the  fireball.  Simple  avoidance  procedures  and  protection  can  sig- 
nificantly reduce  the  consequences  of  thermal  radiation  effects. 
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Our  present  study  is  limited  to  acute  effects  over  a 
relatively  short  time  (S  60  days) . Long-term  disabilities  and 
treatment  (skin  grafts,  etc.)  extending  over  years  may  be  equally 
important  in  considering  the  entire  extent  of  the  collateral  dam- 
age picture.  Moreover,  we  shall  only  consider  here  the  effects 
produced  by  direct  exposure  to  thermal  radiation,  viz.  flash 
burns  and  flame,  or  contact,  burns  through  clothing;  casualties 
caused  by  fires  ignited  by  nuclear  weapons  are  discussed  in 
Section  A.  3. 


The  extent  and  severity  of  flash  burns  depends  directly 
on  the  total  amount  of  the  thermal  radiation  actually  received 
or  transmitted  to  the  skin,  its  duration  and,  to  some  extent, 
its  frequency  spectrum.  Individuals  burned  will  receive  a mix- 
ture of  burn  degrees,  thus  complicating  the  degree  of  serious- 
ness of  the  burns. 


There  are  numerous  other  factors  involved  in  developing 
casualty  criteria  for  thermal  radiation,  such  as. 


Burn  area  (percent  of  body  area) 

Mixture  of  different  burn  degrees 
Age  dependence 
Part  of  body  burned 

Clothing  type  (varies  with  time  of  year) 
Skin  condition  (color  and  temperature). 


Very  modest  sheltering  provides  adequate  protection  from 
thermal  radiation,  therefore,  the  probability  of  exposure  is  the 
important  factor  for  those  individuals  in  built-up  areas  and 
in  houses.  There  is  a finite  chance  of  exposure  through  windows 
and  other  openings  for  people  in  aboveground  portions  of  residences 
and  other  structures.  The  probability  of  exposure  for  these  con- 
ditions is  very  uncertain,  but  an  operational  assumption  of  5 to 
107.  probability  of  being  exposed  may  be  appropriate. 
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The  90%  confidence  limits  for  free-field  thermal  radiation 
exposure  uncertainties  are  about  + 357..  However,  this  is  small 
compared  to  the  combined  uncertainties  for  personnel  exposure  and 
response,  about  a factor  of  three  (at  907.  confidence).  Therefore, 
the  probability  of  exposure  and  personnel  response  dominate  the 
overall  uncertainty. 

2.3  DIRECT  A!H)  INDIRECT  AIRBLAST  EFFECTS 

Although  airblast  effects  produced  by  nuclear  weapons 
are  similar  to  those  produced  by  conventional  explosives,  these 
effects  are  somewhat  more  difficult  to  analyze;,  and  the  casualty 
criteria  generally  have  larger  uncertainties  than  do  those  for 
nuclear  radiation  or  thermal  radiation.  Table  2.3  summarizes 
the  basic  damage  mechanisms  produced  by  airblast. 


Table  2.3.  Airblast  damage  mechanisms. 


Category  Mechanism 

Primary  Direct  effect  on  body  organs 

(lungs,  eardrums,  etc.) 

Secondary  Impact  of  energized  debris  and 

missiles  (pieces  of  structures,  stones, 
glass) 

Tertiary  Whole-body  translation  (with  and 

without  impact  of  body  with  rigid 
object) . 


Primary  Airblast  Effects.  A.s  the  blast  wave  en- 
gulfs the  body,  movement  of  different  tissue  masses  causes 
shear  waves  to  be  generated  which  accelerate  parts  of  the  same 
organ  to  different  velocities.  As  a result,  tears  or  ruptures 
occur.  Gas-filled  organs  are  especially  susceptible  to  this  dam- 
age, with  lungs  beir.g  of  greatest  concern.  As  the  lung  tissue 
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is  disorganized,  fat  and  air  emboli  can  enter  pulmonary  veins. 
These  emboli,  in  turn,  can  lead  to  further  damage  or  death  to  an 
organism  via  coronary  or  cerebral  damage. 


Although  most  of  the  body  organs  are  susceptible  to  direct 
airblast  effects,  damage  to  the  lungs  tends  to  dominate  fatali- 
ties and  burdening  injuries.  The  vulnerability  of  lungs  to  air- 
blast  effects  is  strongly  dependent  on  orientational  and  positional 
factors  (parallel  or  perpendicular  to  the  blast  wave  and  proximity 
to  a blast-wave  reflecting  surface)  as  well  as  the  pulse  rise 
time  and  is  weakly  dependent  on  weapon  yield  (pulse  length) . 


Airblast  Effects.  These  effects  include  in- 


juries and  fatalities  caused  by  the  impact  of  energized  debris 
(building  and  other  structural  fragments  and  missiles)  lofted 
by  the  blast  waves.  They  also  include  casualties  resulting  from 
structural  failure  of  shelters  (houses,  basements,  etc.).  Second- 
ary airblast  effects  are  often  the  dominant  airblast-related 
effects  for  people  in  or  near  unhardened  structures. 


Glass  fragments  created  by  the  blast  wave  are  one  of  the 
most  serious  missile  hazards  for  low-yield  nuclear  weapons.  How- 
ever, glass  fragments  are  highly  directional,  and  thus  only  a 
small  portion  of  rooms  will  be  subject  to  these  hazards  (even 
though  glass  fragments  may  be  found  on  any  part  of  the  floor  after 
the  explosion,  the  fragments  which  have  a significant  probability 
of  causing  serious  wounds  are  very  directional) . Glass  fragments 
are  rapidly  accelerated,  and  the  casualty  criteria  for  this  hazard 
are  thus  relatively  insensitive  to  the  blast-wave  duration  (or 
weapon  yield) . 


The  criteria  for  hazards  from  other  types  of  blast- 
energized  missiles  are  highly  variable,  depending  on  missile  size, 
shape,  velocity,  and  region  of  body  struck.  For  example,  missiles 
of  the  same  mass  but  different  shape  may  vary  in  potential  casu- 
alty production  by  a factor  of  three  or  more  in  their  impact  ve- 
locities . 
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Tertiary  Airblast  Effects.  Whole-body  translation  of  the 
human  body  due  to  blast-wind  loading  is  termed  a tertiary  effect. 
This  can  result  in  the  body  being  translated  and  then  coming  to 
rest  by  means  of  either  a sudden  impact  or  decelerative  tumbling. 
If  blast  winds  are  sufficiently  strong,  the  subject  can  be  com- 
pletely airborne  for  a brief  period  of  time.  The  rate  at  which 
the  subject  loses  kinetic  energy  is  directly  related  to  the  prob- 
ability of  casualty.  For  this  reason,  decelerative  tumbling  or 
impact  with  a yielding  surface  presents  the  subject  with  the 
greatest  probability  of  survival.  The  orientation  of  the  body 
prior  to  arrival  of  the  drag  forces  greatly  affects  the  body 
motion  produced. 

Uncertainties . Uncertainties  in  personnel  response  to 
airblast  effects  are  highly  dependent  on  the  type  of  shelter.  For 
people  in  the  open,  direct  effects  (lung  damage  and  eardrum  rup- 
ture) and  translation  effects  will  dominate  airblast  injuries.  As 
indicated,  both  translation  effects  and  direct  effects  are  very 
sensitive  to  body  orientational  and  positional  factors.  For  trans 
lation  and  impact  with  a flat,  rigid  object  within  about  10  feet 
of  body  travel,  the  uncertainty  in  a specific  personnel  response 
is  about  + 507.  in  peak  overpressure  for  a 907.  confidence.  For 
an  individual  located  close  to  a reflecting  surface,  the  uncer- 
tainty in  personnel  response  to  direct  effects  is  about  + 407.  for 
a 907.  confidence. 

For  people  located  in  aboveground  portions  of  structures 
or  in  residential  basements , the  dominant  damage  mechanism  re- 
sults from  structural  failure  and  accompanying  debris.  This 
effect  is  very  sensitive  to  the  type  of  structure  and  the  modes 
of  failure.  Therefore,  the  uncertainty  in  this  effect  is  pri- 
marily due  to  the  variation  in  types  of  structures  and  their 
dynamic  breakup  behavior  more  so  chan  the  understanding  of  basic 
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biomedical  effects.  Until  additional  analysis  has  been  performed 
on  the  different  types  of  structures  which  may  be  located  in  tar- 
get areas,  subjected  to  a loading  characteristic  of  the  airblast 
from  low-yield  weapons,  the  uncertainties  in  the  casualty  cri- 
teria for  this  effect  must  be  taken  to  be  fairly  large.  Present 
estimates  of  these  uncertainties  for  90%  confidence  are  about  a 
factor  of  two  or  three  in  peak  overpressure  for  injuries  and 
fatalities . 

2.4  COMBINED  INJURIES 

Casualty  probabilities  P^  from  different  effects  (air- 
blast,  thermal  radiation,  and  the  total  ionizing  radiation)  are 
customarily  combined  as  independent  phenomena,  viz.  the  total 
casualty  probability  is  Pin(j  " 1 - Jlj(l-P^).  Any  different  com- 
bination of  casualty  probabilities  is  termed  a "combined  injury 
effect".  These  include  both  "synergistic"  effects,  P > Pin(j,.  and 
"antagonistic”  effects,  P < Pind'  where  one  trauma  either  lowers 
or  increases  resistance  to  another  trauma.  A very  brief  review 
of  animal  experiments  was  made  in  an  attempt  to  estimate  the  pos- 
sible consequences  of  synergistic  effects  on  fatality  predictions 
for  effects  separated  by  short  time  intervals  (<  1 day). 

The  biomedical  data  examined  were  not  satisfyingly  con- 
sistent, and  two  trial  algorithms,  believed  to  bracket  most  of 
the  data,  were  adopted  for  synergistically  combining  fatality 
probabilities  from  different  effects:  a "pessimistic"  (high 
fatality)  combination  and  an  "optimistic"  (low  fatality)  combina- 
tion. These  two  algorithms  were  then  used  to  calculate  the  fatal- 
ity probability  vs.  ground  range  for  one  burst  and  shelter  situa- 
tion of  interest;,  and  the  results  were  compared  to  those  obtained 


with  the  usual,  independent  combination  algorithm.  For  the 
particular  burst/shelter  condition  examined,  the  "pessimistic" 
synergistic  combination  results  in  significantly  higher  fatality 
probabilities  at  the  larger  ground  ranges  than  the  upper  90% 
confidence  limit  of  the  independent  combination.  Additional 
research  is  required  on  combined  effects  to  determine  whether 
or  not  they  should  be  considered  in  casualty  assessments. 


3.  WEAPON  ENVIRONMENTS  AND  RELATED  UNCERTAINTIES 


This  section  contains  a summary  of  the  weapon  environ- 
ments and  their  uncertainties  that  are  related  to  casualty 
effects.  The  weapon  environments  considered  in  the  current 
analysis  includes  those  produced  by  low-air  bursts,  i.e. , at 
an  altitude  that  precludes  early-time  fallout  and  significant 
levels  of  delayed  radiation  from  activated  surface  materials. 
This  altitude  was  considered  to  be  at  least  a scaled  height- 
of-burst  of  180  feet/KT1/3  (Ref.  3.1). 

The  weapon  environments  considered  in  this  analysis  in- 
cluded initial  nuclear  radiation  (that  radiation  emitted  within 
the  first  minute  after  the  burst) , airblast  (with  primary  em- 
phasis on  peak  overpressure)  and  thermal  radiation.  Nuclear 
radiation  included  prompt  neutrons  and  gamma  rays  as  well  as 
secondary  gamma  rays  (induced  in  the  air.  ground  and  structures) 

Results  from  weapon  environment  physics  computer  codes 
in  conjunction  with  experiemntal  data  are  used  to  generate  state 
of-the-art  prediction  of  weapon  environments.  Often  these  state 
of-the-art  results  are  modeled  and  incorporated  into  a fast- 
running, easy-to-use  systems  code  for  analysis  of  weapon  effects 
This  modeling  introduces  an  additional  level  of  uncertainty  in 
calculated  environments  which  must  be  distinguished  from  the  un- 
certainties associated  with  methods  used  for  state-of-the-art 
physics  predictions.  For  example,  the  uncertainties  result  from 
the  Monte  Carlo  code,  MORSE  (Ref.  3.2)  for  nuclear  radiation 
transport  problem  are  different  than  the  uncertainties  associ- 
ated with  the  use  of  the  analyst  model  code,  ATR  (Ref.  3.3). 
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The  uncertainty  analysis  discussed  here  is  based  on  state- 
of-the-art  predictions  of  weapon  environments  when  possible  or 
practical.  Estimates  will  be  presented,  in  certain  instances, 
of  the  additional  uncertainty  in  going  from  state-of-the-art  to 
system  models. 

The  output  produced  by  nuclear  weapons  can  vary  from  onb 
warhead  type  to  another.  One  could,  with  considerable  difficulty, 
obtain  uncertainties  in  weapon  environments  for  all  of  the  wea- 
pons in  stockpile.  We  have  not  done  this;  we  have  assessed  the 
uncertainties  in  environments  for  warhead  classes,  i.e.,  the  main 
classes  as  described  in  EM-1  (Ref.  3.1).  We  have  attempted  to 
identify  cases  where  the  uncertainties  for  particular  weapons  are 
considerably  different. 

The  weapon  yield  uncertainty  (total  energy  output)  is  com- 
mon to  all  of  the  weapon  environments.  There  are  a number  of 
factors  which  influence  the  yield  uncertainties  including  random 
errors  related  to  material  tolerances  and  impurities  and  to  vari- 
ations in  the  assembly.  There  may  be  non-random  variations  due 
to  design  characteristics.  Bias  errors  or  additional  random 
errors  may  result  from  limited  testing  of  the  device  type  or 
weaponized  system. 

The  uncertainty  in  weapon  yield,  for  those  warheads  that 
are  within  a given  class,  is  not  generally  a significant  factor 
in  casualty  prediction.  This  uncertainty  is  typically  less  than 
than  157.  (2o  - two  standard  deviations)  . 

3.1  INITIAL  NUCLEAR  RADIATION 

The  most  important  aspects  of  initial  nuclear  radiation 
for  collateral  damage  assessment  are  those  properties  which  pro- 
duce free-field  radiation  exposures  in  the  range  from  a few  to 
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about  10,000  rads  (free-in-air  tissue  kerma  or  bone  marrow 
dose) . For  a one-kiloton  weapon,  the  ground  range  of  interest 
is  from  about  0.5  to  2.0  km.  This  means  that  the  most  important 
aspects  are  the  initial  characteristics  of  the  nuclear  radiation 
output,  the  generation  of  secondary  gamma  rays  by  the  interaction 
of  neutrons  with  oxygen,  nitrogen  and  hydrogen  in  air  and  the 
radiation  transport  of  neutrons  and  ganraa  rays  through  signifi- 
cant distances  in  the  atmosphere.  The  effects  of  the  air/ 
ground  interface,  structures  and  other  shielding  materials  on 
both  the  radiation  transport  and  secondary  gamma-ray  generation 
are  also  significant. 

3.1.1  Uncertainty  Parameters  Considered 

Estimates  of  nuclear  radiation-related  phenomena,  such  as 
dose,  are  primarily  based  on  theoretical  calculations.  The  cal- 
culational  techniques  and  nuclear  physics  data  required  for  these 
estimates  have  beer,  calibrated  and  verified  by  a large  number  of 
physics  measurements  and  benchmark  analysis.  Since  the  estimates 
are  based  on  theoretical  techniques,  the  uncertainty  analysis 
involves  a large  number  of  parameters.  The  uncertainty  analysis 
for  nuclear  radiation  are  divided  into  three  parts,,  (1)  those 
related  to  the  source,  (2)  those  related  to  radiation  transport 
in  the  atmosphere,  and  (3)  those  related  to  transport  through 
structuies.  These  categories  of  uncertainties  can  be  further 
partitioned  into  uncertainties  associated  with  the  problem  con- 
figuration due  either  to  random  variation  or  lack  of  knowledge 
and  uncertainties  associated  with  physics  used  to  predict  the 
radiation  environments  for  a specified  configuration.  The  un- 
certainties studied  in  this  analysis  are  provided  in  Table  3.1 
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3.1.2  Source-Related  Uncertainties 

In  addition  to  the  yield  uncertainty,  there  are  uncer- 
tainties in  the  intensity  of  the  prompt  neutrons  and  gamma-rays 
as  well  as  in  their  energy  and  angular  distributions.  The  anal- 
ysis for  source-related  uncertainties  was  performed  for  warhead 
classes  since  there  are  generally  similarities  in  the  nuclear 
radiation  output  for  various  warheads  with  each  class. 

It  is  important  to  realize  thet  uncertainties  in  the  total 
nuclear  radiation  source,  in  its  energy  variation  and  in  its 
angular  distribution  are  not  necessarily  independent.  Prediction 
of  weapon  source  terms  commence  with  "bum  calculations"  which 
provide,  in  part,  the  generation  of  the  neutrons  and  gamma  rays 
during  the  initial  phase  of  detonation.  "Output  calculations" 
are  then  performed  to  describe  the  transport  of  neutrons,  and 
gamma  rays  and  production  of  neutron  induced  secondary  gamma 
rays  during  device  disassembly.  The  output  calculations  may  only 
model  the  bare  device  or  may  include  effects  of  weaponization  and 
the  weapon  carrier.  The  resulting  source  terms  from  output  calcu- 
lations depend  or.  the  level  of  geometrical  detail  (primarily 
affects  the  angular  distribution  and  gamma-ray  output)  and  the 
length  of  time  past  detonation  that  the  calculation  considers 
(primarily  affects  total  intensity  and  energy  distribution) . For 
example,  source  terms  from  output  calculations  carried  out  to 
longer  times  will  show  more  neutrons  output  and  a softer  energy 
spectrum  due  to  longer  interactions  times  in  the  debris.  Thus 
the  uncertainty  in  total  neutron  output  is  not  independent  of  the 
uncertainty  in  the  spectrum. 

We  assume  for  this  analysis,  that  the  output  calculations 
provide  all  the  significant  radiation  sources.  Then  given  this 
fact,  we  ask  the  questions  what  are  the  calculations!  uncertainties 
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in  the  total  output,  the  energy  distribution  and  the  angular 
distribution.  On  this  basis,  they  become  relatively  independ- 
ent parameters  for  uncertainty  analysis. 
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Total  Neutron  and  Gamma-Ray  Output 

The  number  of  neutrons  emitted  per  KT  of  yield  (and 
associated  uncertainties)  is  frequently  reported  separately  from 
the  total  yield  discussed  above.  For  some  cases  these  two  effects 
are  not  separate,  but  the  variation  in  neutron  yield  is  for  all 
practical  purposes  proportional  to  the  variation  in  the  total 
yield.  The  neutron  yield,  expressed  in  moles/KT,  is  also  one 
parameter  that  is  used  in  deciding  to  which  warhead  class  a given 
device  should  be  assigned.  Thus,  there  is  some  natural  variation 
associated  with  the  classification  schemes. 


As  discussed  above  one  component  of  the  uncertainty  in 
neutron  leakage  per  KT  of  yield  is  associated  with  the  calcula- 
tions! method  used  in  determining  the  neutron  output.  Calcula- 
tions for  many  systems  are  performed  for  one- dimensional  models 
of  a bare  device  and,  therefore,  do  not  include  the  effects  of 
weaponiration  cf  the  device,  warhead  design,  and  warhead  carrier. 
When  one-dimensional  models  are  used  for  calculation  efficiency, 
the  geometric  model  must  be  chosen  with  care.  Typically  two- 
dimensional  calculations  may  indicate  a 10-207.  increase  in  total 
neutron  leakage  and  the  neutron  spectrum  will  have  a softer 
(lower  energy)  tail. 

The  uncertainty  in  the  neutron  output  (moles/KT)  is  about 
+207.  for  weapons  within  a warhead  class  when  two -dimension;,, 
calculations  have  been  performed  for  a weaponir.ed  system.  The 
uncertainty  is  about  +257.  when  one- dimensional  calculations  have 
been  made.  The  uncertainties  in  total  neutron  output  will  have 
a direct  effect  on  the  neutron  dose  uncertainty  as  well  as  on 

Depends  on  the  specific  weapon. 
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the  dose  from  air-secondary  gamma  rays . These  uncertainties 
are  in  addition  to  the  direct  influence  of  total  energy  yield 
uncertainty. 


The  gamma-ray  output,  expressed  in  gamma-ray  efficiency 
or  MeV  per  KT  of  yield,  is  strongly  dependent  on  the  weapon 
class  and  the  calculational  model  used.  Estimates  based  on  one- 
dimensional model  of  bare  devices  generally  underestimate  the 
intensity  and  the  hardness  of  the  gamma-ray  energy  spectrum.  In 
general,  if  the  prompt  gamma-ray  intensity  is  significant  from  a 
personnel  dose  exposure  point  of  view,  the  gamma-ray  output  is 
dominated  by  neutron  capture  and  inelastic  scattering  reactions 
in  the  warhead  materials  and  in  the  weapon  carrier.  The  intensity 
of  the  gamma  rays  is  therefore  sensitive  to  the  gamma-ray  produc- 
tion cross  sections  utilized  in  the  calculations  and  is  depen- 
dent to  some  extent  or.  the  number  of  neutrons  remaining  in  the 
debris  at  the  end  of  the  calculation.  Typically  the  inclusion 
of  two-dimensional  effects  or  the  inclusion  of  a carrier  model 
will  increase  the  number  of  gamma  rays  predicted. 

Comparisons  of  calculated  and  measured  gamma-ray  output 
indicates  that,  in  some  cases,  the  number  of  gamma  rays/KT  can 
be  calculated  for  a given  weapon  test  to  within  207..  Experi- 
mental errors  may  be  ±307.  so  that  conclusions  about  uncertain- 
ties are  questionable.  If  the  base  case  is  considered  to  be 
a weaponized  system  with  carrier,  an  uncertainty  of  +307.  is 
reasonable.  If  the  base  case  is  a one-dimensional  calculation 
of  a bare  device  with  a large  fraction  of  neutrons  remaining 
in  the  debris,  then  the  uncertainty  may  be  _7q7..  For  most  fis- 
sion devices,  the  uncertainties  would  be  of  the  order  of  +307.. 

Neutron/Gamma-Rav  Energy  Spectrum 

The  neutron  spectrum  uncertainties  appear  to  be  mostly 
associated  with  those  neutron  energies  less  than  0.1  MeV  and 
above  10  MeV.  The  spectrum  variation  at  low  energies  depends 
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on  the  amount  of  neutrons  left  in  the  debris  at  the  end  of 
the  calculation  and  the  weaponization  treatment  used  in  the 
calculation.  Variations  of  a factor  of  ten  or  higher  in  the 
number  of  neutrons  per  unit  energy  below  0.1  MeV  can  result. 

Tlie  high  energy  (>10  MeV)  component  is  sensitive  to  whether 
the  weapon  is  a thermonuclear  device.  The  uncertainties  in 
energy  spectra  must  be  folded  with  the  effects  of  transport 
in  the  atmosphere  before  they  are  meaningful. 

Gamma-ray  energy  spectra  may  vary  due  to  the  calcula- 
tional  models,  the  cross  sections  and  the  treatment  of  move- 
ment of  the  materials  during  the  calculation.  The  precision 
of  experimental  measurements  to  verify  gamma-ray  spectra 
limits  the  ability  to  place  uncertainty  estimates  on  weapon 
output.  Uncertainties  in  spectra  can  be  categorized  by  varia- 
tions over  2-3  MeV  wide  energy  intervals.  An  uncertainty  of 
+407.  over  a 2 MeV  interval  is  reasonable.  The  uncertainties 
in  neutron  and  gamma-ray  energy  distributions,  described 
above,  must  be  translated  into  uncertainties  in  radiation 
exposure  doses.  To  determine  the  effect  on  dose  of  various 
source  energies,  adjoint  calculations  were  performed  in  an  air- 
over-ground  geometry  using  the  DOT  discrete  ordinates  code. 

Three  importantance  functions  were  generated  which  indicated  the 
contribution  to  the  dose  as  a function  of  some  particle  energy. 

The  importance  functions  are  shown  in  Figure  3.1  for 
prompt  neutrons  and  gamma  rays  at  1000  meters  from  a source 
located  120  meters  above  the  air-ground  interface.  Also  shown 
in  the  figure  is  the  importance  functions  for  secondary  gamma 
rays  (chose  created  by  neutron  interactions)  as  a function  of 
the  neutron  energy  (which  created  the  gamma  rays) . 

The  neutron  dose  importance  is  approximately  constant 
above  2 MeV  and  decreases  rapidly  below  2 MeV.  The  secondary 
gamma -ray  importance  function  has  two  distinct  energy  intervals. 
Above  7 MeV  neutron  energies,  the  gamma  rays  from  inelastic 
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contribution  to  tissue  dose  at 
ource  at  120  m. 


scattering  in  ground  materials  and  charged  particle  reactions 
in  air  make  the  significant  contributions  to  the  gamma-ray 
dose.  Source  neutrons  with  energies  less  than  0.1  MeV  produce 
gamma  rays  by  radiative  neutron  capture  reactions  in  air  as 
well  as  ground  materials.  Since  secondary  gamma-ray  energies 
as  well  as  total  energy  is  fairly  independent  of  the  neutron's 
energy,  this  part  of  the  response  function  is  constant  with 
energy  (0.001  to  0.1  MeV). 

The  energy  importance  of  prompt  gamma  rays  decreases  very 
rapidly  as  the  gamma-ray  energy  decreases.  Since  the  importance 
falls  almost  proportional  to  energy,  i.e.,  decreases  a factor 
of  20  for  a gamma  ray  energy  change  from  10  to  1 MeV,  the  dose 
is  almost  proportional  to  total  gamma-ray  energy  above  1 MeV 
with  only  a small  change  due  to  shape. 

To  determine  the  impact  on  dose  of  changes  in  neutron 
source  spectral  shapes,  changes  for  three  broad  energy  inter- 
vals were  considered.  These  energy  intervals  were  <0.1  MeV, 

0.1  to  8 MeV  and  >8  MeV.  Changes  in  dose  were  determined  for 
positive  and  negative  changes  of  +45%,  +15%,  +30%,  respectively, 
in  the  number  of  neutrons  for  the  energy  bands.  That  is,  if 
neutrons  were  removed  from  one  interval , they  were  added  to 
another.  For  prompt  gamma  rays  the  number  of  gamma  rays  in 
a 2 MeV-wide  interval  was  changed  by  40%.  Again,  wnen  gamma- 
rays  were  removed  from  one  interval  they  were  added  to  another. 
Table  3.2  shows  the  effect  on  tissue  dose  of  the  uncertainties 
in  source  spectral  shape.  Changes  in  tissue  dose  vary  from  12% 
for  secondary  ganna  rays  to  16%  for  neutrons  to  30%  for  prompt 
gamma  rays. 

The  importance  of  source  energy  spectrum  for  fission 
product  gamma  rays  was  determined  for  a 10-KT  burst  at  130  meters 
above  the  ground.  A simple  time-averaged  energy  spectrum  was 
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Table  3.2.  Uncertainty  in 
uncertainties 

tissue  dose  due  to 
in  source  energy  spectra. 

| 

1 

Dose  Component 

Dose  Uncertainty  (7.) 

(2a) 

-J 

Prompt  Neutrons 

+ 16 

* 

Prompt  Gamma  Rays 

± 30 

i \ 

Secondary  Gamma  Rays 

± 12 

i i 

at  one  kilometer. 

used,  curve  labeled  IDEA(75)  in  Figure  3.2,  and  a time-energy 
distribution  for  uranium  and  plutonium  was  also  considered.  A 
change  in  this  component  of  dose  of  about  507.  can  result.  Re- 
sults from  ATR-4  are  also  given. 

Uncertainties  in  the  Neutron  and  Gamroa-Rav  Angular 

Distributions 

The  angular  distributions  of  the  neutron  output  from 
weapons  is  generally  treated  as  being  isotropic.  It  is  there- 
fore appropriate  to  treat  any  variations  in  the  angular  dis- 
tribution as  being  an  uncertainty. 

The  variations  in  angular  distributions  are  due  to  the 
effects  of  asymnetric  warhead  and/or  weapon  design  factors. 
These  effects  were  analyzed  for  several  weapon  systems.  In 
the  most  extreme  case,  there  was  a factor  of  five  reduction 
in  the  number  of  neutrons  emitted  in  the  forward  angles  as 
compared  to  those  emitted  at  90°  (to  the  side).  For  other 
cases,  more  typical  of  tactical  nuclear  weapons,  there  were 
variations  of  about  +257..  These  variations,  now  considered 
to  be  uncertainties,  must  be  folded  into  the  radiation  trans- 
port analysis  to  determine  the  uncertainty  in  dose. 


3-11 


/ 


' .»  •-.-j'V*  j 


Dose  (rads) 


i 


The  angular  variations  of  output  gamma-rays  are  generally 
less  than  for  neutrons  for  the  same  weapon.  Again  the  varia- 
tions in  gamma-ray  angular  distributions  must  be  treated  as 
uncertainties  and  they  result  from  asymmetries  in  the  warhead 
and  packaging  configuration.  In  the  most  extreme  case  analyzed, 
there  was  a 307.  reduction  in  gamma-rays  emitted  in  the  forward 
direction  compared  to  the  number  emitted  at  90°. 

An  analysis  was  made  of  the  impact  that  angular  varia- 
tions of  neutrons  and  gamma-rays  on  the  exposure  dose.  Calcu- 
lations were  made  to  obtain  the  energy-angular  dependent 
importance  function  in  infinite  air.  Although  the  air-ground 
interface  has  an  effect  on  the  importance  function,,  it  was 
considered  to  be  secondary  in  this  analysis.  The  analysis  was 
made  for  three  source  spectra  (appropriate  for  output  neutron 
and  gamna-ray  energy  spectra  for  different  warhead  types) . 

Figure  3. 3 shows  the  angular  importance  at  600  and  900  meters 
for  a boosted  fission  source.  The  results  from  the  other 
sources  were  similar  to  that  from  the  boosted  fission  source. 

The  asymmetry  in  the  neutron  importance  indicates  that 
a neutron  emitted  toward  the  detector  is  about  20  times  more 
important  than  one  emitted  in  the  opposite  direction.  Thus  a 
reduction  in  the  source  emitted  toward  the  detector  will  have 
a significant  reduction  in  the  dose  whereas  a shadowing  of  the 
source  in  the  backward  direction  is  not  as  important. 

The  angular  importance  of  neutrons  emitted  in  various 
directions  also  affects  the  secondary  gamma  rays  with  a result- 
ing variation  in  dose  of  a factor  of  5.  A far  larger  variation 
results  for  prompt  gamma  rays  in  which  the  importance  varies 
by  a factor  of  about  4000  between  the  forward  and  backward 
directions.  Because  of  numerical  problems  in  calculating  gra- 
dients of  a few  thousand  or  more,  there  is  some  uncertainty  in 
the  actual  values  in  the  backward  direction. 


Figure  3.3.  Source  particle  angular  importance  for  a boosted  fission  weapon. 
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Since  the  importance  calculations  are  one-dimensional, 
the  angles  are  measured  from  the  source-detector  axis.  In 
practice,  a weapon  may  be  oriented  at  almost  any  angle  with 
respect  to  this  axis.  For  purposes  of  this  analysis,  the  ratio 
of  the  dose  in  the  forward,  backward  and  side  direction  rela- 
tive to  an  isotropic  source  was  determined  for  a "typical" 
source.  Table  3.3  gives  the  results. 


Table  3.3.  Effect  of  source  asymmetry  on  tissue 
dose  at  900  meters. 


Ratio  of  Dose  to  Isotropic 

Source 

Forward  Backward 

Side 

Neutrons 

0.93 

0.83 

1.20 

Secondary  Gamma  Rays 

Prompt  Gamma  Rays 

0.99 

0.95 

1.03 

(Source  1) 

0.80 

0.46 

1.38 

(Source  2) 

0.94 

0.72 

1.20 

An  analysis  was  made  of  the  impact  of  uncertainties 
related  to  neutron  energy  and  angular  distribution  on  the 
neutron  dose  for  a low  yield  boosted  fission  weapon.  The  com- 
bined effects  are  shown  in  Figure  3.4.  This  figure  shows  that 
uncertainties  due  to  energy  and  angular  distributions  made  on 
independent  contributions  of  about  20  percent  (2o)  uncertainty 
in  the  neutron  base  at  1 km  from  the  burst  point.  This  uncer- 
tainty will  approximately  double  with  each  additional  km  from 
the  burst  point. 

3.1.3  Radiation  Transport  in  the  Atmosphere 

There  are  several  important  uncertainties  related  to  trans- 
port in  the  atmosphere.  These  uncertainties  include  configuration 
and  physics  uncertainties  involved  in  the  prediction  of  the  propa- 
gation of  nuclear  radiation  from  the  source  through  the  atmosphere 


i 

i 


-V-  , 

4;  * 


* .. 


3-15 


(and  ground)  to  the  vicinity  of  the  target.  The  effects  of  the 
transport  in  the  vicinity  of  target  (such  as  transport  through  a 
structure)  is  discussed  later.  The  radiation  environment  which 
does  not  include  the  target-specific  details  is  often  called  the 
"free  field"  environment.  Thus,  here  we  discuss  the  uncertainties 
associated  with  the  estimation  of  the  free  field  environment. 

Atmospheric  Density 

It  is  possible  to  predict  the  radiation  environment  for  a 
given  air  density  if  it  is  known;  however,  the  effect  of  varia- 
tions in  atmospheric  density  due  to  changes  in  altitude,  tempera- 
ture and  barametric  pressure  are  treated  in  air  at  sea  level  are 
scaled  to  other  densities  using  the  mass  thickness  of  air  between 
the  source  and  detector  for  the  two  densities.  By  picking  the 
actual  density  from  a frequency  distribution  based  on  metero- 
logical  data,  an  estimate  of  the  "uncertainty"  can  be  calculated. 

The  technique  for  scaling  radiation  transport  to  dif- 
ferent atmospheric  densities  is  commonly  referred  to  as  "Rho-r" 
scaling.  It  is  mathematically  rigorous  for  a time  independent 
problem  for  a point  source  in  a uniform,  homogeneous  spherical 
system.  The  prescription  for  Rho-r  scaling  is  given  by  three 
equations : 


and  if  R^p^  ” **2C2 


then  4>1(R1)  = IC*2(R2> 


where  K is  the  density  scaie  factor  and  p^,  R^,  o^(R^)  are  the 
density,  slant  range,  and  flux  in  system  i.  Thus,  if  one  has  a 
data  base  of  fluxes  computed  with  a density  p2  he  can  find  the  flux 
in  a system  with  density  p^.  Application  of  Rho-r  scaling  would 
be  strictly  true  in  air  over  ground  geometry  if  we  permit  the 
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ground  density  to  change  by  the  same  ratio  as  the  air  density. 

Of  course,  the  HOB  and  ground  range  also  change  by  the  same 
ratio.  The  effect  on  the  dose  from  scaling  the  slant  range, 
however,  dominates  effects  from  altering  the  HOB  or  ground 
density.  To  compensate  for  air  density  variations  we  will  apply 
Rho-r  scaling  to  the  dose  as  a fuiction  of  slant  range  and  ignore 
scaling  for  the  HOB  or  ground  denity.  The  ratio  of  the  dose  as 
a function  of  the  density  ratio  is  presented  in  Figure  3-5  for 
the  neutron,  secondary  gamma-ray  and  prompt  gamma-ray  components. 
The  ratios  are  slighly  different  for  each  component  because  the 
variation  with  slant  range  is  different.  Note  that  a 107. 
reduction  in  density  (approximately  equivalent  to  going  from  sea 
level  to  1000  m altitude)  results  in  a 40-607.  increase  in  the 
dose. 

Air-Ground  Correction 

The  ground  has  a significant  effect  on  the  transport  of 
radiation  due  to  the  closeness  to  the  source  and  detector  of  a 
high  density  (relative  to  air)  material  medium.  The  effects  are 
greatest  on  the  thermalization  of  neutrons  and  the  production 
of  secondary  gamma  rays.  Most  analyses  in  the  past  have  been 
based  on  infinite  air  results  with  correction  factors  applied  to 
account  for  the  air-ground  interface.  Detailed  air-ground  calcu- 
lations have  been  made  (Refs.  3.4,  3.5  and  3.6)  for  a variety  of 
conditions  as  noted  in  Table  3.3.  The  results  of  Pace,  et  al. 
(Ref.  3.5)  were  used  to  determine  the  ground  correction  factors 
for  the  ATR-4  code  (Ref.  3.3). 

• The  effects  of  ground  composition  on  radiation  transport 

was  investigated  by  Gritzner,  et  al  (Ref.  3.6)  using  one-dimen- 
sioral  sensitivity  calculations.  The  calculation  model  for  the 
study  was  slab  geometry  consisting,  of  50  cm  of  ground,  a detector 
plane  at  50  cm  above  the  groun  , a source  plane  at  100  m,-  and 
an  nir  albedo  surface  at  700  m.  A low  yield  thermonuclear  source 
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Table  3.4.  Ground  element  sensitivities. 


Element 


Sensitivity* 


Table  3.6.  Sensitivity  of  total  dose  to  soil 
type. 


Soil  Type 

Correction  Factor,  C* 

Mean  Earth's  Crust 

1.0 

Central  German 

sand 

1.03 

loess 

0.99 

clay 

0.71 

marl/loam 

0.92 

shale 

0.84 

sandstone 

0.98 

marl 

0.84 

limestone 

1.01 

granite 

1.03 

basalt 

0.99 

gneiss 

0.61 

slate 

0.92 

topsoil 

1.15 

United  States 

beach  sand 

1.05 

lava  clay 

0.72 

Nevada  desert 

0.82 

The  correction  factor  is  the  ratio  of  the 
dose  expected  for  the  particular  soil  to 
the  dose  obtained  for  the  baseline  case. 
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Grlt2ner's,  et  al,  sensitivity  data  has  two  limitations 
for  direct  use  in  the  uncertainty  analysis  of  damage  functions. 

In  the  first  place,  the  relative  contribution  to  total  dose 
from  neutrons,  secondary  gamma  rays,  and  prompt  gamma  rays  changes 
as  a function  of  ground  range.  In  the  one-dimensional  calcula- 
tions of  Grit2ner  there  was  no  ground  range  dependence,  and 
thus  the  sensitivity  results  are  appropriate  only  for  the  ranges 
for  which  dose  contributions  are  nearly  equal  to  Gritzner’s. 

For  the  model  used,  907.  of  the  dose  from  neutrons  and  secondary 
gamma  rays  came  from  neutrons . A typical  value  at  1-km  ground 
range  is  about  757..  Secondly,  the  analysis  was  performed  for 
relatively  low  concentrations  of  hydrogen.  At  higher  concen- 
trations, the  addition  of  more  hydrogen  probably  has  less  rela- 
tive effect  than  at  lower  initial  concentrations. 

The  air-over-ground  calculations  of  Gritzner  (Ref.  3.6) 
and  Pace  (Ref.  3.5)  and  the  air-over-seawater  calculations  of 
Pace  (Ref.  3.5)  can  be  used  to  investigate  the  effect  of  hydrogen 
content  in  the  soil  on  transport.  The  Gritzner  calculations  used 
a hydrogen  content  of  1.753  x 10  atoms/barn-cm  in  a soil  of 
density  1.6  gm/cc.  Pace  used  a hydrogen  concentration  of  9.7  x 
10~3  atoms/barn-cm  in  soil  of  density  1.7  gm/cc.  A comparison 
of  dose  ratio  from  these  two  calculations  for  three  source  spec- 
tra and  two  burst  heights  is  shown  in  Table  3.7.  It  is  clear 
that  the  variation  is  significant  (as  much  as  a factor  of  16) ; 
and  it  is  a strong  function  of  source  spectra  and  height-of-burst. 
Comparisons  of  the  neutron  dose  in  air-over-ground  and  air-over- 
seawater are  shown  in  Table  3.8  from  the  Pace  data.  The  hydrogen 

_2 

content  of  seawater  was  taken  to  be  6.69  x 10  atoms/barn-cm. 

The  variation  of  hydrogen  content  in  the  soil  results  in 
a major  uncertainty  in  the  tissue  dose.  Further  work  is  needed 
to  accomplish  the  following  casks: 


-XT 


Table  3.7.  Ratio  of  dose  calculated  for  dry  soil 
to  dose  calculated  for  wet  soil. 


Surface  Burst 


S„ 


Ground 
Range (m) 


205 

1.35 

0.76 

0.76 

1.71 

0.82 

1.32 

1.21 

0.82 

1.08 

410 

1.28 

0.69 

0.93 

1.53 

0.78 

1.42 

1.20 

0.78 

1.10 

615 

1.22 

0.62 

1.01 

1.37 

0.70 

1.40 

1.12 

0.74 

1.08 

820 

1.28 

0.59 

1.16 

1.28 

0.68 

1.39 

1.11 

0.72 

1.16 

1025 

1.40 

0.58 

1.23 

1.32 

0.64 

1.40 

1.19 

0.70 

1.23 

61 

Meter  Height 

of  Burst 

S1 

S2 

S3 

207 

1.42 

1.01 

0.77 

1.9 

1.09 

1.22 

1.38 

1.11 

1.03 

411 

1.41 

0.96 

0.84 

1.69 

1.02 

1.19 

1.35 

1.07 

1.02 

615 

1.54 

0.92 

0.91 

1.60 

1.01 

1.22 

1.31 

1.01 

0.96 

820 

1.51 

0.89 

1.04 

1.51 

0.99 

1.20 

1.33 

1.05 

1.02 

1026 

1.68 

0.84 

1.15 

1.53 

0.96 

1.24 

1.42 

1.04 

1.14 

* Sources : 

SI 

Boosted  fission 

S2 

Enhanced  radiation 

S3 

Suppressed  radiation 

PS&ZJ'-fSst 


Quantification  of  the  dose  variation  as  a function 
hydrogen  content  over  the  range  of  interest  as 
function  of  source  spectra,  height-of-burst  and 
ground  range 


2. 

3. 


Determining  the  range  of  hydrogen  congent  in  soils. 


Effects  of  rain  water  and  water  retention  by  plants 
on  radiation  transport. 


Table  3.8.  Summary  of  neutron  tissue  dose  calculations 
for  air-over-ground  and  air-over-seawater. 


Neutron  Dose  in  Rads/Source  Neutron 


Ground 

Range 

(m) 

Fission  Source 

14_ 

MeV  Source 

A/G 

A/SW 

Ratio 

A/G 

A/SW 

Ratio 

515 

1.73-20 

1.14-20 

1.52 

5.35-20 

4.27-20 

1.25 

995 

3.50-22 

2.29-22 

1.53 

1.98-21 

1.48-21 

1.34 

Terrain  Effects 


Detailed  radiation  environments  computed  for  tactical 
nuclear  weapon  detonations  almost  always  use  a flat  air/ground 
interface,  i.e.,  level  terrain.  The  treatment  of  the  air/ground 
interface  as  a plane  results  in  a less  complex  problem  computa- 
tionally, provides  a good  model  to  compare  with  test  data  in  most 
instances;  and  has  a more  universal  application  than  models  incor- 
porating realistic  terrain.  The  distances  of  interest  for  the 
study  of  military  and  collateral  damage  from  low  to  intermediate 
yield  are  in  the  range  of  several  kilometers.  Thus,  terrain  fea- 
tures which  might  effect,  the  radiation  environment  involving  geo- 
graphic areas  of  a couple  of  square  kilometers  introduce  an  un- 
certainty in  the  damage  estimates  using  flat  earth  radiation 
environment  calculations. 


A study  of  terrain  effects  on  radiation  environments  from 
tactical  nuclear  weapons  was  performed  by  Albert,  et  al.  (Ref.  3.7). 
This  research,  although  not  definitive,  provides  the  most  detailed 
data  base  available  from  which  to  ascertain  uncertainty  in  damage 
due  to  terrain  effects  on  radiation  transport.  Albert's  work  is  sum 
marized  here.  Albert  investigated  the  effect  of  dense  forest  cover, 
topography,  and  email  bodies  of  water  on  the  tissue  dose  from  prompt 
neutrons,  prompt  gamma  rays,  and  secondary  gamma  rays. 

The  study  of  the  effect  of  dense  forest  covers  showed  that 
for  ground  ranges  greater  than  300  meters  the  ratio  of  dose  in 
the  forest  to  the  dose  in  open  is  relatively  constant.  The  dose 
ratio  varied  10%  to  157,  with  different  source  spectra.  The 
maximum  attenuation  of  about  0.35  was  found  for  surface  bursts 
which  increased  to  about  0.6  for  a 160  m burst  height.  The 
attenuation  was  found  to  be  dominated  by  the  character  of  the 
forest  near  the  detector  and  thus  interpolation  for  less  dense 
forest  conditions  should  be  based  on  the  distribution  around 
the  detector. 

Analysis  of  radiation  environments  produced  in  valleys 
indicated  that  the  dose  could  be  predicted  by  geometric  scaling  of 
the  flat  earth  data.  That  is.  the  dose  corresponding  to  true 
ground  ranges,  shown  in  Figure  3.7,  as  distinguished  from  the 
map  ground  range,  agreed  with  the  flat  earth,  conventional  trans- 
port calculation. 

Calculations  of  the  terrain  effects  from  hills  showed  that 
no  significant  effect  could  be  attributed  to  the  presence  of  the 
hill  when  a line  of  sight  existed  between  the  source  and  detec- 
tor. In  shadowed  regions,  terrain  attenuation  of  up  to  factors 
of  five  for  common  terrain  were  found. 

An  analysis  by  Albert  for  situations  in  which  terrain 
obscured  the  line  of  sight  between-  the  source  and  detector  showed 
a reasonable  pattern  of  consistency  when  the  attentuation  factors 
were  plotted  as  functions  of  the  angle  the  intervening  terrain 
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subtends  with  the  source  and  detector.  These  angles  as  and  aD 
are  illustrated  in  Figure  3.8. 

The  terrain  attenuation  factor  defined  as  the  ratio  of 
the  tissue  dose  at  a given  horizontal  range  for  flat  earth  to 
Che  corresponding  value  with  terrain  is  plotted  as  contours  in 
Figure  3.9  for  as  and  values.  The  solid  lines  are  estimates 
of  the  iso-attentuation  factor  contour  and  the  symbols  show 
calculated  data  points.  The  agreement  is  reasonable. 

Calculations  including  small  bodies  of  water  found  no 
significant  effects  on  Che  dose  from  tactical  nuclear  weapons. 
Thus  we  have  neglected  the  possible  uncertainties  arising  from 
the  presence  of  lakes  and  rivers 

Cross  Sections 

There  are  two  components  of  the  possible  uncertainties 
due  to  cross  _tions.  One  is  due  to  the  lack  of  knowledge  of 
the  detailed  cross  sections  and  the  other  is  due  to  the  process- 
ing and  use  of  the  data  in  computer  codes  For  the  effect  of 
uncertainties  in  the  basic  data,  the  DSA  evaluation  of  oxygen 
and  nitrogen  contain  error  files  which  give  the  uncertainty 
for  each  cross  section.  These  data  have  been  processed  by  ORNL 
staff  with  the  resulting  uncertainty  of  total  dose  in  air  from 
a thermonuclear  source  determined.  In  addition,  the  specific 
ii  cross  sections  that  are  most  important  to  the  calculation  of 

■'  dose  were  determined. 

The  sensitivities  calculated  for  the  several  partial 
cross  sections  involved  in  the  problem  are  a measure  of  the  in- 
fluence or  importance  of  the  particular  cross  sections  for  the 
i problem  result.  Table  3.9  shows  the  sensiuivies  calculated  by 

Barcine  (Ref.  3.8).  The  tissue  dose  can  be  seen  to  be  primarily 
I sensitive  to  the  nitrogen  neutron  cross  sections. 
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°D  “ arcta"(mr) 

Figure  3.8.  Illustration  of  subtended  angles  for 
obscuring  terrain. 
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Figure  3.9.  A Simple  parameterization  of  the  idealized 
hill  calculations  (triangles  indicate  calcu 
lated  results  for  specific  geometries). 
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Table  3.9.  Sensitivity  of  the  total  tissue  dose  to 
the  indicated  nitrogen  ana  oxygen  cross 
sections. 


Reaction 

Sensitivity 

«2 

(Relative 

°2 

Importance)* 
Air  (Total) 

2COLL  (N  + y) 

-6.08 

-1.42 

-7.50 

ecoll  (N) 

-5.25 

-1.16 

-6.41 

ECOLL  (y) 

-0.83 

-0.26 

-1.09 

EEL 

-3.17 

-0.94 

-4.11 

einel 

-0.55 

0.09 

-0.64 

eabs 

-1.53 

-0.13 

-1.66 

£(N,Y) 

+0.12 

0.00 

+0.12 

E(H.P) 

-0.45 

-0.01 

-0.46 

E(N.D) 

-0.10 

0.00 

-0.10 

E(N,T) 

-0.08 

-0.08 

I +r(H,D)  + E(N,T) 

-0.63 

-0.01 

-0.64 

'(N.a) 

-1.00 

-0.12 

E(n.2a) 

-0.02 

-0.02 

E(N,N' ) 

0.00 

0.00 

Values  in  cable  represent  the  percent  change  in 
dose  resulting  from  a 1 percent  increase  in  all 
energies  in  chat  specific  cross  section. 
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Error  estimates  of  the  various  cross  sections  can  be  com- 
bined with  the  sensitivity  calculations  to  yield  estimates  of 
the  resulting  uncertainties  in  tissue  dose.  Table  3.10  shows  the 
estimated  uncertainties  in  the  evaluated  nitrogen  neutron  cross 
sections.  Bartine's  analysis  was  based  on  a rather  coarse  indi- 
cation of  the  cross  section  energy  dependent  uncertainty  cor- 
relations. The  results  of  the  tissue  dose  uncertainties  due  to 
neutron  cross  section  uncertainties  are  shown  in  Table  3 11. 

The  nitrogen  (n,u)  cross  section  was  identified  as  the  primary 
contributor  to  the  uncertainty.  The  uncertainty  in  the  tissue 
dose  due  to  uncertainties  in  the  nitrogen  neutron  cross  section 
are  quoted  to  be  297..  Tables  similar  to  Tables  3.9  and  3. 10  are 
included  in  Ref.  3.8  for  the  oxygen  neutron  cross  sections 
and  the  nitrogen  and  oxygen  gamma  ray  cross  sections.  The 
uncertainties  resulting  from  these  cross  sections  are  negli- 
gibly small  compared  to  the  nitrogen  neutron  cross  section. 

A reiteration  of  Bartine's  analysis  was  performed  by 
Weisbin  (Ref.  3.9)  with  the  only  change  being  improved  uncer- 
tainty and  uncertainty  correlation  estimates.  The  results  of 
the  sensitivity  analysis  were  substantially  lower  (more  than  a 
fractor  of  two) . The  total  tissue  dose  uncertainty  was  estimated 
to  be  14.5%.  The  difference  is  attributable  to  the  use  of  the 
more  detailed  covariance  files  available  to  the  latter  investi- 
gator. The  sensitivity  analyses  performed  were  based  on  a very 
precise  mathematical  formalism,  unfortunately,  the  results  of 
the  analysis  are  based  on  data  (errors  and  covariance  matrices) 
which  are  not  so  exact. 

Analysis  (Ref,  3.8)  was  also  performed  to  determine  un- 
certainties in  results  due  to  processing  of  cross  sections  into 
multigroup  form  (for  use  in  discrete  ordinates  codes).  Althoagh, 
the  analysis  is  not  directly  a . -licable  to  the  problem  of  in- 
terest since  the  group  structure  is  not  that  used  in  any  of  the 
recent  calculations,  it  is  belicvea  that  the  estimate  of  77. 
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Table  3.10.  Estimated  percent  uncertainty  in  the  evaluated 
nitrogen  neutron  cross  sections  (From  Ref.  3.8) 


Midpoint  of  Energy  Range  (MeV) 

Cross  Section  Thermal  1 1 2 5 8 11  14 


Total 

3 

3 

1 

1 

1 

1 

1 

1 

Elastic 

3 

3 

1 

1 

10 

10 

15 

10 

Inelastic 

30 

20 

20 

20 

(n  a) 

10 

400 

400 

400 

200 

200 

200 

200 

(n,d)+(n,p)+(n,t) 

5 

30 

30 

30 

30 

40 

40 

30 

(n,a) 

40 

30 

30 

30 

30 

% 

(n, 2a)  50 

(n. 2n' ) 
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Tabic  3.11.  Estimated  percent  uncertainty  in  total  tissue  dose  due  to  estimated 
uncertainty  in  nitrogen  neutron  cross  sections. 
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uncertainty  in  the  dose  is  reasonable.  It  is  noted,  however, 
that  it  would  be  possible  to  observe  much  larger  effects  of  too 
few  groups  were  used  or  if  the  group  boundaries  were  not  chosen 
with  care. 

Since  data  does  not  exist  for  ranges  other  than  2000 
meters,  the  range  dependence  of  the  uncertainty  factors  has  oeen 
"estimated".  Table  3.12  gives  the  recommended  values.  It  is 
realized  that  the  values  in  Table  3.12  do  not  agree  with  the 
conclusions  of  Ref.  3.10.  Staff  at  the  Ballistics  Research 
Laboratory  conclude  that  based  on  their  analysis  using  Monte 
Carlo  techniques  that : 

"Results  show  Chat  the  requirements  for 
predicting  radiation  transport  in  air  to 
+ 257.  cannot  be  met  with  the  accuracies 
currently  available  in  the  neutron  cross 
sections  for  elastic  scattering  in 
nitrogen  " 

Further  analysis  is  required  to  resolve  the  conflicting  con- 
clusions of  the  independent  sCudies.  However,  such  s’udies  are 
beyond  the  scope  of  the  current  work. 

Table  3.12.  Dose  uncertainties  due  to  cress 
sections . 

Range  (p  « 1 . 19  mg/ cc) 

1000  m 2000  m 

Percent 


Neutron 

Secondary  gamma  ray  dose  15. 
Prompt  gamma  ray  dose  5. 
Fission  product  dose 


30. 


30. 


10. 
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AIRBLAST 
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Airblast  is  the  dominant  cause  of  injuries  and  fatalities 
for  people  in  structures  for  weapon  yields  greater  than  about  10 
KT.  As  was  briefly  outlined  in  Section  2,  there  are  three  cate- 
gories of  blast  related  casualty  mechanisms  (direct  effects  on 
body  organs,  secondary  effects  of  the  impact  of  debris  and 
glass  on  the  body  and  tertiary  effects  of  whole  body  transla- 
tion). Direct  effects  are  sensitive  to  the  diffraction  loading 
on  the  body  and  are  dependent  on  the  peak  overpressure  as  well 
as  the  overpressure  impulse.  Secondary  effects  are  dependent 
on  the  peak  overpressure  as  well  as  the  dynamic  pressure. 

Tertiary  effects  are  orimarily  dependent  on  the  dynamic  pressure. 

The  predictions  of  airblast  properties  (peak  overpressure, 
dynamic  pressure  and  impulse)  are  primarily  based  on  experimental 
data.  The  current  best  estimate  of  airblast  properties  are  given 
in  Ref.  3.11  for  the  close-in  properties  and  Ref.  3.1  for  the 
lower  level  (£50  psi)  airblast  properties. 

The  uncertainties  in  3irblast  properties  is  dependent  on 
a number  oi  factors.  These  are  summarized  in  Table  3.13.  The 
major  uncertainty  areas  are  discussed  below. 

Table  3.13.  Sources  of  Airblast  Uncertainties 

Source  Related 
Yield 

Height  of  Burst 

Propagation  Related 

Airblast  Representation 
Target  Altitude 
Weather  (snow/rain) 

Terrain 
Temperature 
Air  Pressure 
Around  Structures 
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3.2.1  Height  of  Burst 


i 

\\ 

p 

li 

I: 

9 


Height  of  burst  uncertainties  for  airburst  weapons  depend 
on  the  type  of  fuzes  used  and  this  is  very  weapon  specific.  For 
a given  weapon  system  the  height  of  burst  uncertainty  may  depend 
on  the  range  and  on  the  height  of  burst  setting.  The  uncer- 
tainties range  from  about  five  percent  (two  standard  deviations) 
to  about  sixty  percent.  Most  systems  have  height  of  burst 
uncertainties  in  the  range  from  20  to  30  percent. 

Figure  3. 10  shows  the  dependence  of  the  peak  overpressure 
on  the  height  of  burst  for  overpressures  in  the  region  of 
interest  to  collateral  damage  effects  (v2  to  10  psi) . At  10 
psi,  a 30  percent  error  in  height  of  burst  would  result  in  an 
uncertainty  of  about  seven  percent  in  peak  overpressure  and  less 
than  five  percenc  uncertainty  in  ground  range.  At  2 psi,  a 30 
percent  uncertainty  would  result  in  an  uncertainty  of  about  two 
percent  in  peak  overpressure  and  about  five  percent  in  ground 
range . 


3.2.2  Yield  Uncertainty 

The  uncertainty  in  weapon  yield  will  depend  on  the  specific 
weapon.  With  a few  exceptions,  these  uncertainties  are  less  than 
15  percent  (2  standard  deviations).  This  uncertainly  results  in 
a range  uncertainty  of  about  5 percent  and  an  uncertainty  of  less 
tnan  10  percent  in  peak  overpressure. 

3.2.3  Airblast  Representation 


The  data  used  in  this  analysis  for  airblast  representa- 
tives was  taken  from  Brode  (Ref.  3.11)  and  £M-1  (Ref.  3.1). 
These  data  were,  in  turn,  based  on  a theoretical  and  analytical 
interpretation  of  a series  of  experimental  tests  (Ref.  3.12). 
One  measure  of  the  uncertainties  in  airblast  parameters  (peak 
overpressure,  dynamic  pressure  and  overpressure  impulses)  can 
be  determined  by  analyzing  how  well  the  experimental  data  could 
be  fit.  Cockoyne  and  Lofgren  (Ref.  3.13)  performed  such  an 
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analysis.  The  results  of.  this  analysis  are  shown  in  Tables  3.14 
through  3.16  for  peak  overpressure,  dynamic  pressure  and  over- 
pressure impulse,  respectively.  This  analysis  indicated  that 
the  uncertainties  in  ground  range  (for  the  same  level  of  an 
airblast  parameter)  was  approximately  20  to  30  percent.  This 
is  approximately  50  percent  in  peak  overpressure  at  10  psi  and 
approximately  15  percent  uncertainty  in  peak  overpressure  at  4 
psi. 

Cockoyne  and  Lofgren  (Ref.  3.13)  used  all  of  the  experi- 
mental data  points  in  their  analysis.  Another  way  of  assessing 
the  uncertainty  is  to  compare  the  best  fit  curves  (for  each  set 
of  experiment  data)  to  the  representations  given  in  Ref.  3.1  and 
3.12.  The  results  of  this  analysts  are  shown  in  Figure  3.11  for 
near-surface  burst  tests  and  Figure  3.12  for  low-air  scaled  heights 
of  burst.  Each  point  shown  in  the  figure  represents  a point  taken 
from  the  "best"  curves  drawn  through  the  experimental  points 
for  a particular  test.  For  near  surface  tests,  90  percent  of 
the  points  fall  within  +15  percent  (in  ground  range)  of  the 
values  given  in  Ref.  3.1  and  3.11. 
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3.2.4  Rain  or  Fog 

Although  the  effects  of  ram  or  fog  on  the  blast  wave 
are  not  well  known  (Ref.  3.1),  there  is  qualitative  agreement 
between  theoretical  predictions  and  the  available  experisa”'tal 
data.  The  vaporization  of  water  absorbs  a small  amount  of  the 
energy  tnat  would  otherwise  to  available  for  blast  wave  propa- 
gation. This  effect  is  to  reduce  the  intensity  of  the  blast 
wave.  Figure  3.13  shows  the  reduction  in  effective  yield  for 
light  and  heavy  rain. 

For  a heavy  rain  condition,  the  yield  reduction  factor 
of  a one  kiloton  weapon  would  be  about  0.83  for  the  5 psi  peak 
overpressure  region.  This  results  in  a reduction,  in  range,  of 
approximately  six  percent  or  a reduction  of  about  twelve  percent 
in  peak  overpressure 
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Table  3.15.  Uncertainties  in  peak  dynamic  pressure. 


Uncertainty 

in  Scaled  i 

Ground  Range  (7.) 

'^\^5HOB^(ft/KT1/3) 

Scaled  Range 
(ft/KTl/3) 

0-3.1 

182-204 

2.2-252 

316 

.14 

- 

.32 

681 

11 

.27 

.14 

1467 

.14 

.19 

- 

Average 

.12 

.23 

.23 

Table  3.16.  Uncertainties  in  Overpressure  Impulse  Data 


Standard  deviation 
No  experimental  data 
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Figure  3.11. 


Comparison  of  Experimental’ and  EM-1  Peak  Over- 
pressure Data  for  Near  Surface  -hirsts 


Fairly  broac-  uncertainties  shoulu  be  assoc  arced  with  each  point 
in  this  plot  since  each  presents  a selected  value  on  a curve 
through  a scatter  of  uata  This  comment  alas  applies  to  Figure 
3.12.  An  independent  analvsis  for  HGB’s  2QE  ft  (scaled)  in- 
dicated uncertainties  of  +=0  and  -55Z  at  10  -jail,  -*sl5  and  -A07. 
at  15  psi,  and  +40  and  -557  at  c psi  (957.  of  the  uata  pcants) . 
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Figure  3.13,  Reduction  of 


Since  the  affect  of  rain  or  fog  will  be  to  reduce  the 
range  of  collateral  damage  effects  (or  reduce  the  blast  wave 
intensity  at  a given  range) , it  has  not  been  used  in  generating 
the  casualty  damage  functions  given  in  Section  7 of  this  report. 

3.2.5  Snow 

Snow  on  the  ground  surface  may  have  an  effect  on  the 
reflected  blast  wave  intensity  (Ref.  3.1).  When  a shock  front 
enters  a layer  of  snow  it  is  attenuated.*  Drag  forces  on  the 
snow  crystals  dissipate  energy  contained  in  the  wind  behind 
the  shock  front. 

Current  estimates  indicate  a thick  layer  of  snow  may 
reduce  the  range  to  a given  overpressure  as  much  as  ten  per- 
cent. Since  the  effect  is  to  reduce  the  blast  wave  intensity, 
it  was  not  used  in  generating  the  casualty  damage  functions. 

3.2.6  Target  Altitude 

The  target  altitude  will  affect  the  intensity  of  the 
blast  wave.  Calculations  of  damage  are  typically  based  on  sea- 
level  airblast  parameters.  At  higher  altitudes  the  blast  wave 
will  be  somewhat  less  (Ref.  3.1).  Most  target  areas  are 
located  at  altitudes  of  less  than  3,000  feet  above  sea  level. 

At  3,000  feet  the  peak  overpressure  is  reduced  approximately 
eleven  percent  (or  about  a six  percent  reduction  in  range  to 
10  psi) . Since  the  affect  of  altitude  on  collateral  damage 
effects  is  to  always  minimize  them,  it  has  not  been  considered 
in  the  casualty  damage  function  generations. 

3.2.7  Ambient  Atmospheric  Pressure 

Variations  in  the  atmospheric  pressure  will  cause  varia- 
tions in  the  airblast  parameters.  However,  the  normal  range  in 
atmospheric  pressure  is  +5  percent.  This  causes  variations  in 
ground  ranges  of  less  than  3 percent. 

’'Hard  packed  snovj  can  make  an  ideal  surface  out  of  a non-ideal 
surface. 
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3.2.8  Terrain 

Terrain  features  such  as  rising  or  falling  slopes,  ridges, 
valleys,  etc.,  will  affect  the  blast  wave.  If  a shock  wave  that 
is  travelling  along  the  ground  surface  encounters  a change  in 
slope,  the  characteristics  of  the  shock  wave  will  change.  If 
the  terrain  is  characterized  by  large  changes  of  slope,  the 
changes  in  the  blast  wave  can  be  significant.  They  can  result 
in  an  overpressure  increase  by  more  than  a factor  of  two  or  a 
decrease  by  more  than  a factor  of  three  (Ref.  3.1). 

Table  3.17  shows  a comparison  between  the  peak  over- 
pressure for  a flat  surface  and  the  overpressure  for  rising  or 
falling  slopes.  The  slopes  chosen  for  these  comparisons  are 
typical  of  those  chat  might  be  expected  around  target  areas . 

Also  shown  are  the  increase  or  decrease  in  ground  range  (from 
that  expected  for  a given  overpressure  on  a flat  surface) . 

3.2.9  Summary  of  Airblast  Uncertainties 

The  major  areas  of  uncertainties  in  the  airblast  environ- 
ments were  discussed  above.  A summary  of  those  uncertainties 
used  for  the  generation  of  the  damage  function  are  summarized 
in  Table  3.18.  A Gaussian  distribution  was  assumed  for  each 
of  the  uncertainties.  The  distributions  were  truncated  at  the 
high  and  low  values  shown  in  the  table. 

The  uncertainties  were  used  to  estimate  the  probability 
distributions  for  peak  overpressure  at  a series  of  range  points. 
Figures  3.14  and  3.15  show  example  probability  distributions  at 
500  and  1000  meters  from  ground  zero  for  a one  kiloton  weapon 
detonated  at  a 200  foot  height  of  burst.  The  error  bars  on  the 
frequency  distribution  indicate  the  statistical  accuracy  of  the 
calculation,  i.e.,  any  structure  in  the  distribution  smaller 
than  the  error  bars  has  no  significance.  The  area  under  the 
frequency  distribution  curve  integrates  to  unity. 
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Table  3.18.  Summary  of  Airblast  Uncertainties* 


Mean 

Standard 

Truncation  Value 

Parameter 

Value 

Deviation 

Low 

High 

Yield 

1.0  KT 

0.075  KT 

0.0 

1.5 

HOB 

200  ft 

50  ft 

0.0 

400 

Air  Pressure 

1015  mb 

10  mb 

900 

1115 

Slope 

0° 

10° 

-30 

+30 

Range  Factor** 

1.0 

0.15 

0.0 

2.0 

There  was  no  explicit  account  of  non-ideal  surface  effects 
precursors  or  mechanical  effects  (.build-up,  vegetation, 
roughness,  trees,  etc.). 

ck 

Range  uncertainty  in  the  basic  airblast  representation. 


Yield  - 1.0  KT 


Probability  Distribution  of  Peak  Overpressure 


Probability  Distribution  of  Peak  Overpressure  at  1000  meters 
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THERMAL  RADIATION 


Thermal  radiation  emitted  by  a nuclear  weapon  detonation  j 

can  cause  fatalities  and  serious  injuries  to  people  directly 
exposed  to  the  fireball.  Thermal  effects  (for  people  in  the 
open)  extend  to  larger  distances  than  do  nuclear  radiation  or 
airblast  effects  for  weapon  yields  greater  than  about  3 KT. 

Thermal  effects  are  also  the  primary  cause  of  fires  resulting 
from  nuclear  weapons. 

If  there  is  little  atmospheric  attenuation  of  the  ther- 
mal radiation,  the  total  thermal  radiation  energy  car.  be 
regarded  as  being  spread  uniformly  over  the  surface  of  a sphere 
and  the  simple  procedures  given  in  EM-1  (Ref.  3.1)  or  Classtone 
and  Dolan  (Ref.  3.14)  can  be  used  to  assess  radiant  exposure 
levels.  However,  if  there  conditions  of  clouds,  heavy  smoxe  : 

or  haze,  precipitation,  snov  cover,  etc.,  more  sophisticated  j 

procedures  are  required.  Several  calculational  models  have 
been  developed  to  handle  these  effects,  including  the  THERMX 
code  developed  by  SAI  which  was  used  in  this  analysis  (Ref. 

3.15). 

! 

There  are  a number  of  factors  involved  in  determining  j 

the  uncertainties  in  predicted  radiant  exposure  levels.  Most  | 

of  these  factors  result  from  normal  variations  in  atmospheric  J 

conditions  and  ground  cover.  The  uncertainty  parameters  con-  f 

sidered  in  this  analysis  are  given  in  Table  3.19.  j 
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Table  3.19.  Thermal  Radiation  Uncertainties 

Weapon  Yield 

Thermal  Partition 

Air  Pressure 

Relative  humidity 

Cloud  Cover 

Altitude 

Ground  Albedo 

Height  of  Burst 

Temperature 

Meteorological  Range 

Cloud  Ceiling 

Range  Uncertainty  Factor* 


Uncertainty  in  basic  thermal  radiation 
predictions . 


3 . 3 . 1 Thermal  Partition 

The  results  of  analysis  performed  by  Kaman  Sciences  was 
used  to  assess  the  uncertainties  in  the  thermal  partition  (the 
fraction  of  the  total  explosion  energy  emitted  as  thermal  radia- 
tion) for  air  burst  weapons.  This  analyses  indicated  that 
from  58  independent  experiments , the  mean  value  of  the  thermal 
partition  was  0.35  and  the  uncertainty  was  13  percent  (standard 
deviation).  The  distribution  of  the  experimental  values  is 
shown  in  Figure  3.16.  Here  the  fraction  of  the  experimental 
points  is  shown  as  a function  of  the  ratio  of  the  experimentally 
observed  value  to  the  mean  value. 

3.3.2  Radiant  Exposure  Predictions 

An  analysis  was  made  of  the  experimentally  measured 
radiant  exposures.  Comparisons  were  made  between  the  experimental 
values  and  those  obtained  from  by  using  the  THERMX  code.  The 
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experimental  data  were  taken  from  a series  of  nuclear  weapon 
test  results.  These  were  a series  of  tests  which  have  been 
used  to  establish  thermal  radiation  scaling  laws,  i.e.,  atmo- 
spheric conditions  were  good. 

For  purposes  of  comparison  of  measured  values  of  radiant 
exposure  Q,  it  was  decided  to  present  plots  of  the  quantity 
QR-/W  (i.e.,  normalizing  to  unit  yield  and  removing  the  in- 
verse-distance-squared  factor).  The  variation  of  this  quantity 
from  a constant  value  then  displays  all  effects  of  atmospheric 
absorption  and  scattering  as  well  as  effects  of  ground  and 
cloud  albedos. 

The  23  shots  selected  were  those  listed  in  Table  I of 
"New  Thermal  Scaling  Laws  for  Low-Altitude  Nuclear  Burst"  in 
Vol.  1 of  "Nuclear  Weapons  Thermal  Radiation  Phenomena"  (1974). 
Shots  1 through  10  were  above  a ground  surface  (shown  in  Table 
3.20)  and  11  were  above  water.  These  shots  were  selected  on 
the  basis  of  adequate  thermal  data  foi  a lo<i-altitude  burst. 

The  data  points  for  each  shot  are  plotted  together  with  the 
comparable  quantity  predicted  by  the  program  THERMX . 

The  data  points  have  been  corrected  for  filter  trans- 
mission and  misalignment  (when  this  was  stated  not  to  have 
been  done  in  the  data  tabulation).  Data  points  have  been  ex- 
cluded if  a footnote  indicated  reasonable  concern  for  accuracy, 
or  if  one  measurement  of  a set  was  clearly  in  conflict  with 
several  other  apparently  valid  and  consistent  points.  No  points 
were  excluded  simply  because  they  did  not  "look"  good. 

An  analysis  of  the  spread  in  the  experimental  data 
indicated  that  the  standard  deviation  of  the  experimental  data 
was  about  30  percent  for  slant  ranges  between  one  and  two 
kilometers,  20  percent  for  two  to  four  kilometers  and  20  per- 
cent for  four  to  ten  kilometers.  There  was  observed  a slight 
trend  of  underpredicting  the  radiant  exposures  by  the  THERMX 
code  at  ranges  beyond  about  three  kilometers. 
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Table  3.20.  Summary  of  Weapon  Tests  (over  ground 
surfaces)  for  Thermal  Radiation* 


Height 

of 


Number 

Surface 

Burst 

(ft) 

Yield 

(let) 

Shot 

Operation 

1 

Desert 

1,132 

14.0 

Charlie 

(Buster-Jangle) 

2 

” 

1,417 

21.0 

Dog 

(Buster-Jangle) 

3 

•« 

1,314 

31.0 

Easy 

(Buster-Jangle) 

4 

3,447 

31.0 

Charlie 

(Tumbler-Snapper) 

5 

it 

1,040 

19.0 

Dog 

(Tumbler-Snapper) 

6 

6,022 

11.0 

Dixie 

(Upshot -Knothole) 

7 

•i 

2,423 

27.0 

Encore 

(Upshot-Kno thole) 

8 

•i 

524 

15.0 

Grable 

(Upshot-Kno thole) 

9 

»• 

1,334 

61.0 

Climax 

(Upshot-Knothole) 

10 

ii 

739 

3.0 

Wasp  Prime 

(Teapot) 

The  atmospheric  conditions  were  exceptionally  clear  for  these 
tests.  It  would  have  been  useful  to  have  examined  near  surface 
tests  and  data  for  tests  conducted  under  less  favorable  atmo- 
spheric conditions. 
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Foil  data  and  aircraft  data  have  been  excluded  from  the 
final  graphs  of  Qexp/Qt!l.  The  accuracy  of  the  foil  data  was 
stated  to  be  poorer  than  that  of  calorimeter  data.  Aircraft 
data  (depending  on  the  aircraft  altitude)  may  be  significantly 
too  high  for  proper  comparison  with  ground  data. 

The  ratio  of  observed  radiant  exposure  Q to  the  predicted 
value  is  also  plotted  versus  slant  range  in  Figure  3.17. 

3.3  3 Atmospheric  Conditions 

The  air  pressure,  relative  humidity,  target  altitude  and 
air  temperature  affect  the  attenuation  and  the  scatter  of  thermal 
radiation.  These  effects  -.-ill  not  be  described  here,  however, 
the  values  used  in  the  analysis  will  be  summarized  below. 

The  ground  albedo  can  affect  radiant  exposure  levels, 
narticularly  when  there  is  a cloud  layer  and  the  thermal  radia > 
tion  is  reflected  off  a liglu  colored  ground  cover  (such  as  snow) 
and  again  reflected  off  the  bottom  of  a cloud  layer.  There  is 
considerable  variation  tn  the  reflective  properties  of  ground  sur- 
faces, e.g..  almost  zero  for  a newly  plowed  field  to  almost  unity 
for  a snow  cover).  A uniform  distnoution  for  ground  albedo  was 
assumed  for  this  analysis  (equal  probability  from  zero  to  unity). 

The  meteorological  range  has  an  important  affect  on  the 
attenuation  of  thermal  radiation.  Analysis  was  performed  on 
the  annual  atmospheric  conditions  for  northern  Europe.  Figure 
3.10  shows  the  cumulative  probability  distribution  of  the  visual 
range  using  annual  weather  statistics.  The  analysis  showed  a 
strong  correlation  between  visual  range  and  cloud  ceiling  (an- 
other important  factor  in  predictions  ot  radiant  exposure  levels). 
A joint  probability  distribution  was  used  in  the  analysis  for 
visual  range  and  cloud  ceilings. 

3. 3. A Suroarv  of  Thermal  Radiation  Uncertainties 

A summary  of  the  uncertainties  in  thermal  radiation  en- 
vironments is  given  in  Table  3.21.  These  values  were  used  in 
generating  the  damage  functions  shown  in  Section  7 of  this  report. 
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4.  SHELTERING  CONDITIONS  AND  RELATED  UNCERTAINTIES 


4.1  NUCLEAR  RADIATION  PROTECTION  FACTORS 

Any  mass  of  material  between  a nuclear  radiation  source,- 
such  as  a nuclear  weapon  detonation,  and  personnel  will  reduce  the 
dose  to  the  personnel  compared  to  the  free-field  dose  at  the  same 
location.  Personnel  located  behind  buildings  or  in  buildings  will 
receive  less  dose  than  that  which  they  would  receive  in  an  exposed 
free-field  position. 

The  uncertainties  in  the  predicted  dose  for  people  inside 
structures  are  relatively  small  (uncertainties  in  range)  if  state- 
of-the-art  calculational  techniques  are  used  and  if  the  following 
conditions  are  well  known. 

• The  free-field  dose  contributions  are  known  (neutron 

and  gamma  rays) 

• The  structure  is  isolated  from  any  other  structures 

• The  building  materials  and  geometries 

• The  locations  of  people  are  known 

The  conditions  listed  above  are  almost  never  known. 

Even  if  they  were  known,  such  calculations  are  impractical  for 
the  purposes  of  estimating  collateral  damage.  The  usual  practice 
is  to  define  several  classes  of  structures  and  to  specify  nuclear 
radiation  protection  factors  that  are  appropriate  for  the  class 
of  structures.  Table  4.1  lists  the  protection  factors  given  in 
EM-1  (Ref.  4.1)  and  AP-550  (Ref.  4.2)  for  civilian  structures. 

The  categories  of  structures  listed  in  Table  4.1  have 
to  include  structures  of  the  particular  type  throughout  the  world. 
For  example,  frame  houses  include  all  single-story  residences 
(wood  frame  buildings,  wall-bearing  buildings  and  adobe  buildings). 


AP-550  lists  a single  value  for  each  building  type.  EM-1  lists  a 
range  of  protection  factors  but  provides  no  guidance  on  the  appro- 
priate value  to  use  for  a given  construction  type. 


Two  investigations  were  made,,  recently,  on  protection 
factors  appropriate  for  West  German  houses  (Refs.  4.3  and  4.4). 

The  conclusions  from  this  research  was  that  most  German  residences 
provide  larger  effective  protection  factors  than  would  be  obtained 
from  the  data  in  Table  4.1.  There  were  two  reasons  for  this: 

(1)  the  type  of  material  used  and  the  construction  techniques 
provide  higher  protection  factors,  (2)  the  effects  of  multiple 
building  protection.  Based  on  the  above  research,  a distribution 
of  protection  factors  was  developed.  These  are  summarized  in 
Table  4.2. 

4.2  VULNERABILITY  OF  STRUCTURES  TO  AIRBLAST 

Airblast  effects  from  -weapons  of  yield  greater  than  about 
10  KT  produce  important  casualty  damage  mechanisms . For  people  in 
the  open,  the  most  important  effects  are  direct  effects  on  body 
organs  and  the  effects  of  whole-body  translation.  However,  for 
people  located  inside  buildings  or  outside  of  buildings  in  a built- 
up  area,  the  debris  generated  by  light- to-moderate  damage  to  the 
buildings  or  collapse  of  the  buildings  prodjee  Che  most  important 
damage  mechanisms- 

The  uncertainties  in  airblast-related  casualties  are 
large.  These  uncertainties  can  be  divided  into  three  general 
areas.  The  first  are  the  uncertainties  in  biomedical  effects. 

These  uncertainties  will  be  discussed  in  Section  5 of  this  report. 
The  second  area  is  related  to  the  basic  understanding  of  how  struc- 
tures fail,  che  type  of  debris  generated,  and  how  this  debris  is 
blown  about  by  the  blast  wave.  The  third  area  is  related  to  the 
variations  in  structure  types  and  the  uncertainties  in  structure 
vulnerability.  The  last  two  areas  are  the  most  important  ones 
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with  respect  to  the  uncertainties  in  predictions  of  airblast  casu- 
alties for  people  in  or  near  buildings. 

An  investigation  was  completed  recently  on  a re-examina- 
tion of  the  structural  vulnerability  (Ref.  4.5)  which  included 
structures  of  a type  that  are  of  interest  to  collateral  damage 
estimates.  A comparison  was  made  of  the  structural  vulnerabil- 
ities given  in  EM-1  (Ref.  4.1)  and  AP-550  (Ref.  4.2)  and  those 
derived  from  re-examining  the  Japanese  experience  as  well  as  re- 
sults from  experiments  conducted  at  the  Nevada  Test  Site  (NTS) . 

The  results  of  this  research  indicated  that  the  vulnerability  val- 
ues given  in  EM-1  and  AP-550  may  be  too  large,  i.e.,  about  a fac- 
tor of  1.5  for  overpressure-sensitive  structures  and  a factor  of 
5 for  dynamic  pressure-sensitive  structures.  Table  4.3  summarizes 
some  of  the  results. 


Table  4.3.  Comparison  of  structural  vulnerability. 
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Although  debris-related  casualty  criteria  are  not  dir- 
ectly proportional  to  structure  failure  criteria,  they  are  corre- 
lated. The  results  of  the  structural  analysis  (Ref.  4.5)  shown 
above  indicate  that  the  uncertainties  in  structural  vulnerabil- 
ities are  larger  than  indicated  in  either  EM-1  (Ref.  4.1)  or  AP-550 
(Ref.  4.2),  and  these  uncertainties  must  De  considered  in  assessing 
uncertainties  in  casualty  criteria. 

A program  was  initiated  in  1976  to  investigate  the  struc- 
tural vulnerability  of  typical  West  German  residences  (Refs.  4.6 
and  4.7).  The  analytical  and  experimental  program  was  performed 
by  Stanford  Research  Institute.  During  the  first  phase  of  the 
program,  considerable  information  on  the  details  of  building  con- 
struction in  West  Germany  was  collected  and  two  major  classes  of 
buildings  were  identified  as  typical  of  small  villages  (masonry 
load-bearing  wail  buildings  and  half-timber  Fachwerk  buildings). 

Based  on  the  German  building  data  gathered  in  the  first 
phase  of  the  program  and  in  consultations  with  a West  German- 
trained  architect,  SRI  designed  three  identical  structures  which 
were  tested  during  the  DICE  THROW  event  in  White  Sands,  New  Mexico 
in  October  1976.  The  three  structures  (one  half  was  of  Fachwerk 
design  and  the  other  half  was  masonry  design)  were  positioned  such 
that  the  free-field  peak  overpressure  were  7.0,  3.5  and  2.0  psi. 

The  pre-shot  predictions  are  shown  in  Table  4,4. 

The  test  results  were  very  similar  to  the  pre-test 
predictions.  The  degree  of  damage  was  slightly  less  than  the 
predictions.  The  DICE  THROW  test  did  tend  to  confirm  that  the 
current  vulnerabilities  given  in  EM-1  and  AP-550  for  load- 
bearing  masonry  buildings  may  be  slightly  high,  but  the  test 
data  indicated  that  the  3.2  psi  value  obtained  in  Ref.  4-5  is 


Table  4.4.  Predictions  of  wall  collapse 
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values  were  0.5  to  1.0  psi  less, 
values  were  slightly  less. 
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FIRES 


A preliminary  examination  was  made  of  the  impact  on  col- 
lateral damage  of  fires  produced  by  tactical  nuclear  weapons 
and  the  resulting  casualties.  The  effort  included  primary  fires 
(those  started  by  the  thermal  pulse),,  secondary  fires  (those 
started  by  secondary  effects  such  as  airblast,  debris,  etc.) 
and  spread  fires. 

This  section  summarizes  the  results  of  this  effort,  which 
was  primarily  conducted  at  the  Stanford  Research  Institute  by 
Martin,  ec  al.  (Ref.  4.8).  It  should  be  recognized  that  this 
was  a preliminary  examination  and,  therefore,  the  results  are 
still  tentative.  Recommendations  for  further  work  on  selected 
research  areas  are  provided. 


4.3.1  Introduction 


BACKGROUND 

Fire  is  usually  ignored  in  assessing  damage  from  the 
conservative  standpoint.  But  when  assessing  collateral  damage 
the  uncertainty  of  fire  can  not  be  ignored.  This  study  was  * 
intended  to  provide  some  initial  guidance  about  the  importance 
of  this  mechanism,  relative  to  other  casualty-producing  effects 
(e.g.,  airblast  and  initial  radiation).  This  would  be  done 
using  the  methodology  described  in  Section  6 to  treat  the 
effects  of  uncertainties  in  non-scenario  specific  variables, 
i.e.,  chose  for  which  it  is  presently  either  impossible, or 
impractical  to  treat  other  than  as  distributed  variables  but 
where  enough  is  known  about  the  probable  range  of  the  variables 
to  estimate  a distribution  function. 


Among  damage  assessment  problems , fire  effects  are  ex- 
ceedingly complex,  requiring  the  treatment  of  a remarkably 
large  variety  of  weapon-burst,  environment,  and  target  param- 
eters. This  complexity,  which  has  often  caused  the  problem 
of  fires  following  nuclear  attack  to  be  either  ignored  or 
treated  in  an  inadequate,  over- simplistic  fashion,  can  now 
be  handled  in  a more  satisfactory  way  as  a result  of  research 
efforts  funded  by  DCPA  (and  its  predecessor  agency,  OCD) . It 
is  still  necessary,  however,  to  attempt  to  generalize  the  anal 
ysis,  substituting  class-average  statistics  and  stochastic 
variables  for  details  and  determinism,  and  to  invent  plausible 
algorithms  where  data  do  not  exist. 

The  genera?  approach  being  used  here  is  to  scale  fire 
initiation  data  from  the  DCPA  "Five-Cities  Study"  (for  ex- 
ample, see  Ref.  4.  9 ),  which  were  for  weapon  yields  in  the 
megaton  range,  to  weapon  yields  in  the  range  0.1-10  0 KT  and 
heights  of  burst  from  200  to  600  ft/KT^^.  These  data  are 
then  used  to  compute  probabilities  of  fire  initiation  and 
spread  and  subsequent  casualty  production  caused  by  people 
caught  in  the  burned-out  region,  e.g. , because  they  are  non- 
ambulatory due  to  injuries  from  other  weapon  effects,  blocked 
bv  debris,  overcome  by  smoke  and  toxic  combustion  gases,  and 
so  forth. 

STUDY  OBJECTIVES 

This  initial  study  has  the  principal  objective  of  as- 
certaining the  overall  degree  of  improvement  in  predictions 
of  casualties  (produced  by  all  weapon  effects)  that  could  be 
achieved  from  more  detailed,  yet  practical  (in  both  attain- 
ment and  application),  knowledge  in  the  following  areas. 


; 


1.  Basic  physical  phenomena  such  as  the  several 
poorly  understood  blast-fire  interactions  that 
may  extinguish  or  delay  the  development  of 
primary  fires,  secondary  (blast/shock  induced) 
fire  initiations , fire  development  and  spread 
mechanisms,  spread  of  wildland  fires  into 
populated  areas,  and  the  effects  of  weather 
conditions. 

2.  Target  description  such  as  different  types  of 
European  structures  and  their  spacings , con- 
tents, and  wildland  surroundings. 

3.  Operational  factors  such  as  the  amelioratory 
effects  of  civil  preparedness  (e.g.,  covered 
windows)  and  fire-fighting  efforts. 

4.  More  detailed  treatments  of  the  casualty- 
producing  mechanisms  associated  with  fires, 
in  particular  the  sequence  of  events  that  may 
impact  movement  and  rescue,  including  their 
dynamic  features  in  relation  to  the  changing 
fire  threat. 

The  remainder  of  this  report  contains  a discussion  of 
the  approach  now  being  used  to  model  the  physical  aspects 
(initiation,  development  and  spread)  of  fires.  Example  cal- 
culations are  then  given  for  two  low-yield  airbursts  near  a 
residential  area,  and  the  extent  of  the  burned-out  region  is 
compared  with  that  of  other  potential  casualty-producing 
effects . 

4.3.2  Primary  and  secondary  Fires 

FIRE  PREDICTIONS  FOR  LOW-YIELD  WEAPONS 

Fires  in  structures  following  a nuclear  detonation  are 
postulated  to  be  the  result  of  fires  produced  by  three  sepa- 
rate mechanisms : 

1.  Primary  fires  - those  initiated  by  the 
thermal  pulse  of  the  bomb. 


SA* 


2. 


Secondary  fires  - those  initiated  by  the 
blast  effects  of  the  bomb. 


3.  Spread  fires  - those  resulting  from  sub- 
sequent propagation  of  both  primary  and 
secondary  fires. 

The  primary  fire  threat  to  an  urban  target  arises 
mainly  from  the  initially  small,  incipient  fires  that  result 
from  the  exposure  of  building  contents  by  that  portion  of  the 
direct  thermal  radiation  from  the  nuclear  fireball  that  is 
transmitted  into  rooms  through  windows  and  open  doors.  In 
many  circumstances,  exterior  ignitions  would  play  only  a 
minor  role.  Normally,  the  exceptions  would  be  the  relatively 
infrequent  cases  where  large  accumulations  of  combustible 
litter  or  wildland  fuels  are  in  close  proximity  to  structures 
having  wooden  exteriors  It  must  be  recognized,  however, 
that  structural  damage  resulting  from  any  previous  weapon 
effects  (either  nuclear  or  conventional)  and  the  associated 
debris  they  may  create  will  generally  enhance  the  importance 
of  exterior  ignitions  and  increase  the  incendiary  vulner- 
ability of  the  urban  target.  In  conducting  this  preliminary 
study,  wc  have  neglected  the  contribution  of  exterior  igni- 
tions since  it  was  not  possible  to  model  these  effects.  The 
results  may  therefore  tend  to  underestimate  the  fire  problem. 
However,  other  assumptions  may  compensate  for  this  neglect,  and 
the  unavoidably  large  uncertainties  in  the  total  analysis  may 
mask  it. 

Secondary  fires  - those  caused  by  blast  effects  rather 
than  by  the  thermal  radiation  - require  the  coexistence  (at 
the  time  of  blast  wave  arrival)  of  fuels  and  energy  sources  in 
suitable  combinations  that  mechanical  damage  or  displacement  can 
bring  about  contact  between  the  two  that  is  favorable  for  igni- 
tion of  the  fuels.  This  requirement  represents  an  inherently 
low,  but  not  insignificant,  likelihood  for  secondary 
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fire  starts  in  most  urban  occupancies  experiencing  blast  over- 
pressures capable  of  causing  the  requisite  damage  or  dis- 
placement. 

Whether  a fire  starts  from  primary  or  secondary  causes, 
it  has  the  propensity  to  grow  and  to  spread  to  other  structures 
that  escaped  initial  fire  starts.  In  time,  this  spreading  of 
fire  from  structure  to  structure  can  cause  much  more  damage 
than  that  represented  by  the  initial  fires  alone.  Because  they 
take  time  to  develop  and  since  their  outcome  is  subject  to 
alteration  by  subsequent  events , these  spread  fires  impact  sur- 
vival and  the  conduct  of  emergency  operations  in  several 
importantly  different  ways  than  initial  fires  do,  and  it  is 
important  to  know  their  distributions  in  time  (their  dynamics) 
and  in  space.  In  this  study,  however,  we  neglect  spread  dy- 
namics, and  evaluate  only  the  additional  (ultimate)  contribu- 
tion made  by  spread  fires. 

To  estimate  the  distribution  of  primary  fire  starts, 
this  study  makes  use  of  a methodology  that  was  originally  pro- 
posed by  John  and  Passel  (Ref.  4.10)  and  subsequently  devel- 
oped into  an  analytical  procedure  at  URS  (Ref.  4.11)  to  estimate 
the  frequency-spatial  distribution  of  initial  structural  fires 
in  a given  urban  use  (or  occupancy)  class. 

Basic  Assumptions 

The  analytical  methodology  is  built  upon  a foundation 
of  the  following  postulates  and  assumptions:* 

1.  The  primary  fire  threat  arises  from  ignition 
of  room  contents.  We  have  already  noted  that 
under  "normal"  circumstances  exterior  fires 
will  contribute  relatively  little  to  the  total 
urban  fire  problem.  An  additional  justification 
for  the  neglect  of  exterior  fires  is  to  be  found 
in  the  large  thermal  radiation  exposures  needed 


New  fire  research  sponsored  by  BKA  and  DCPA  may  indicate  that 
these  assumptions  are  not  valid. 
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3. 


to  ignite  (to  sustained  burning)  sound 
wood  of  thicknesses  typically  used  for 
wall  sheathing,  roof  covering,  external 
trim,  and  other  exterior  structural  pur- 
poses. (A  description  of  ignition  thresh- 
olds is  discussed  later.) 


2. 


Inside  buildings,  ignition  of  lightweight 
kindlings  is  not  a sufficient  condition  for 
a sustained,  building-threatening  fire. 
Either  a major  fuel  item  - one  that  by  it- 
self is  capable  of  flashing  over  the  room 
in  which  it  is  located  - must  be  ignited 
directly,  requiring  a higher  exposure, 
typically,  than  that  required  to  ignite 
kindlings,  or  one  or  more  of  the  ignited 
kindlings  must  provide  an  indirect  (or 
independent)  route  to  the  same  endpoint. 


The  contributory  roles  of  kindlings  and 
major  furnishings  may  be  mathematically 
combined  as  a set  of  conditional  prob- 
abilities for  each  of  the  separate  fuel 
classes.  These  classes  are  then  chosen 
in  such  a way  as  to  minimize  the  number 
of  quantifying  properties  that  will  re- 
quire evaluation;  e.g. , class -average 
ignition  thresholds  and  probabilities  of 
(a)  exposure,  (b)  ignition-given-exposure 
and  (c)  flashover-production-given-ignition. 


A. 


The  room  contents  are  randomly  distributed, 
at  a uniform  height  above  the  floor,  over 
the  plan  area  of  the  room. 


5. 


The  frequency  distributions  of  fuels  (room 
concents)  in  each  class,  in  each  occupancy, 
etc.,  are  well  approximated  by  the  Poisson 
statistic. 


1 
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This  equation  predicts  the  probability,  P , that  a room  (on  a 
given  floor,  in  a building  of  specified  occupancy)  whose  win- 
dows are  exposed  to  the  thermal  radiation  from  the  fireball 
will  suffer  a fire  that,  if  left  unattended,  will  ultimately 
cause  the  room  to  become  engulfed  in  fire  (e.g.,  to  "flashover") . 
The  symbol  i designates  the  separate  classes  of  fuels  into 
which  the  room  contents  have  been  classified.  For  convenience 
of  analysis  these  classes  will  usually  be  chosen  to  discrim- 
inate between  (1)  those  contents  which  each  individually  have 
the  capability,  once  ignited,  to  flashover  the  room  contain- 
ing them  (i  *«  +1);  (2)  those  lesser  contents  that,  singly,  lack 
the  capability  but  may,  if  ignited,  contribute  to  the  develop- 
ment of  a flashover  situation  (i  = -1);  and,  to  include  as  a 
separate  and  exclusive  category,  (3)  those  contents  which  are 
used  to  cover  windows  for  privacy  and  the  control  of  light 
(i  “ 0).  The  three  essential  fuel-class  properties  are  y, 
the  mean  number  of  ignitable  items  in  the  class  per  room;  P , 
the  probability  of  thermal  exposure;  and  pf,  the  probability 
that  ignition  will  lead  to  flashover.  These  properties  are 
separately  expressible  as  functions  of  the  radiant  exposure 
variable,  Q.* 

The  analytical  convenience  afforded  by  the  foregoing 
classification  of  room  contents  is  readily  seen  in  the  follow- 
ing development.  For  the  class  i = +1,  p^,  by  definition, 

equals  one.  Similarly,  by  definition,  pp  is  practically 
close  to  unity  for  the  class  i «*  0.  Thus,  the  basic  equation 
may  be  satisfactorily  approximated  by: 


In  fact,  however,  neither  Pe  nor  pf  are  explicitly  given  as 
functions  of  Q.  John  and  Passel  (Ref.  4.10)  proposed  a cor- 
relation between  Pf  and  Q that  we  might  consider  using.  We 
do  use  the  basic  form  of  their  empirical  Pe(0),  and  O corre- 
lates with  Q. 


Fr  * 1 - exp  - [(wpe)+1  + (uPgPf).!  + (pPf)0]  • 


Now,  the  probability  of  exposure  of  any  randomly  selected  point 
in  the  exposure  plane  (the  horizontal  plane  within  the  room 
over  which  the  contents,,  aside  from  window  coverings,  are 
assumed  to  be  randomly  distributed)  may  be  related  to  the  ele- 
vation angle  0 (measured  in  radians)  of  the  fireball  line  of 
sight  by  means  of  the  following  empirical  expression: 


„1. 7 -4.79 
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Intuitively,,  one  expects  this  probability  to  increase  in  pro- 
portion to  the  fraction  of  the  exposed  wall  area  that  is  repre- 
sented by  unobstructed  window  area,  and,  consistent  with  results 
of  the  Five-City  Study,  the  foregoing  equation  may  be  modified 
accordingly: 


o - 3 o1'7  e'4-70 

e Vail 

We  have  chosen  to  equate  pg  with  the  class  i « -1  type  fuels 
since  most  of  its  items  will  be  of  small  cross  section  approx- 
imating points  in  the  exposure  plane.  By  extension,  then,  the 
probability  of  exposure  of  the  i = +1  class  contents  will  be 
proportionately  larger  in  relation  to  their  generally  much 
larger  cross  section.  Thus, 

pe,+l  " (A+1/A-1)  °e,-l  • 

In  evaluating  these  exposure  probabilities,,  we  have  chosen  the 
distribution  of  (Awindow7Awall^  va^ues  developed  by  IITRI  from 
Five-City  Study  survey  data  (see  Figure  4.1  ) and  developed  an 
approximate  frequency  distribution  for  (A+^/A_^)  values  from 
representative  cross  section  data  reported  in  Ref.  4.12. 


Figure  4.1.  Frequency  distribution  for  window  areas.  This  is  an  average  of  survey 
data  from  San  Jose,  Detroit  and  Albuquerque. 


In  evaluating  the  fuel-class  properties,,  the  major  un- 
certainties are  the  probabilities  of  producing  room  flashover 
given  ignition  of  the  minor-contents  items,  p^  and  pf  q. 
We  have  chosen  to  represent  these  by  an  identical  log-normal 
distribution  with  its  mean  located  at  0.01,,  to  indicate  the 
relatively  much  smaller  capability  such  contents  have  or  pro- 
ducing a flashover  situation,  and  their  957,  confidence  limits 
set  at  0.0002  and  0.5  to  reflect  our  almost  total  ignorance  of 
this  factor. 

In  view  of  the  foregoing,  the  basic  equation  may  be 
simplified  as  follows- 


w+l^+l  1 

- — j-j-  + Pf(u_i  + »-o>J 


= 1 - exp 


Only  the  mean  number  distribution  of  ignitable  fuels  in  each 
class  remain  to  be  evaluated. 

These  mean-number  distributions  may  be  expressed  gener- 
ally as  the  following  nondimensional  functions  of  the  radiant 
exposure  Q: 
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where  represents  the  total  count  (mean  number  pet  room)  of 

items  in  the  ith  class,  and,  therefore,  its  value  depends  only 
on  the  class  and  the  occupancy  (that  is,  it  is  completely  inde- 
pendent of  the  weapon  yield,  burst  height,  etc.).  The  quantity 
is  the  value  of  radiant  exposure  corresponding  to  the  in- 
flection point  in  the  mean-number  function.  Although  it  will 
vary  systematically  with  fuel  class  and  occupancy,  it  is  also  a 
function  of  the  conditions  of  burst  and  is  the  parameter  used 
to  extrapolate  from  one  weapon  burst  situation  to  another.  The 


quantity  B is  a measure  of  the  spread  in  ignition  threshold 
values  for  the  items  comprising  the  class.  The  slope  of  che 
distribution  function  at  the  inflection  point  is  equal  to 
(B2  - 1)/4B. 

The  mean-number  coefficients  used  in  the  present  anal- 
ysis are  derived  by  an  extrapolative  procedure  from  survey  data 
acquired  during  the  Five-City  Study.  The  Five-City  Study  dealt 
with  megaton-yield  explosions;  therefore,  the  reference  Q^nf^ 
values  must  be  scaled  down  over  some  three  orders  of  magnitude 
in  energy  yield  from  the  megaton  range  to  yields  of  interest  in 
the  kiloton  range.  Scaled  heights  of  burst  were  of  comparable 
magnitude  except  that  the  Five-City  Study  included  some  surface 
bursts. 

For  the  scaling  of  we  have  used  these  equations: 


Qo  = 2250  t + -~ 


1552  t + ~ 
a a 


T < 0.52 


t > 0.52 


where  t => 


”/L,  the  Fourier  modulus,  is  a heat  conduction 


property  of  the  exposed  fuel.  The  symbol  t represents 
the  tine  delay  (in  seconds)  from  the  instant  of  explosion  to 
the  appearance  of  the  principle  thermal  irradiance  maximum  at 
any  distant  target  location.  For  purposes  of  these  calcula- 
tions (in  which  all  burst  heights  are  less  than  15,000  feet), 
trasx  is  related  to  explosive  yield  in  the  following  way: 

w ■ °-0i17  ■ 

where  W is  the  yield  measured  in  kilotons. 
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- Qo.infl  (1  + 0005  h)  ' 
where  h is  the  relative  humidity  in  percent. 

The  practical  ranges  of  the  pertinent  material  prop- 
erties are  given  in  Table  4.5  . 

Table  4 5 Applicable  Properties  of  Ignitable 

Room  Contents 

Thicknesses : 

L = 0.02  to  0.07  cm 

Density  of  Kindling  Material: 
o » 0.4  to  0.5  g/cm'3 

Thermal  Diffusivity 

a = 0 95  x 10*3  to  1.0  x 10"^  cm^  sec’1 


Specific  heat  capacity, 
c 


0.3  cal  (°C)-1  g’1 


Absorptivity • 

a = 0.5  to  0.8  (nondimensional) 

Critical  Irradiance- 

Hc  = 0.4  cal/cm^  sec’1 

Figure  4.  2 illustrates  the  extrapolation  procedure. 
It  is  important  to  note  that  the  assumption  has  been  made 
that  transient  ignition  thresholds  as  exhibited  by  idealized 
(uniform,  apertured  exposures  of  small  specimens)  laboratory 
tests  are  more  representative  of  fire  initiating  conditions 
in  realistic  situations  than  are  the  laboratory-determined 


as  a function  of  we  a] 


little  physical  evidence  to  support  it  at  the  present  time. 

The  validity  of  this  assumption  will  be  seen  to  be  of  crucial 
importance  to  the  outcome  of  the  analysis . 

Figure  4.3  shows  the  function  dependence  of  (Pj/Mj) 
on  for  tw0  values  of  3.  In  the  Five-City  Study, 

B-values  for  residential  occupancies  were  nearly  constant  for 
all  conditions  and  classes,  averaging  about  five  Since  B 
is  a measure  of  the  range  in  ignition  thresholds , and  for  the 
short  pulses  of  the  kiloton  range  the  spread  is  noticeably 
less  than  in  the  megaton  range,  it  is  appropriate  to  use  a 
larger  value  of  B in  the  kiloton  region. 

It  is  important  to  note  that,  in  the  calculation  of 
probabilities  of  room  fires , the  level  of  exposure  Q used 
for  determining  is  not  the  free- field  radiant  exposure 

but  rather  is  the  radiant  exposure  of  the  kindling  fuel  in  the 
room,  which  differs  from  che  free-field  level  by  a proportional 
constant  a which  depends  upon  a number  of  factors  and  \s  not  of 
uniform  value  for  all  rooms  in  any  given  building: 

a » 'V'*2*“3  ’ 

where 

a,  = T , the  window  transmission, 

1 w 

o,  ” the  fraction  of  the  fireball  not  obscured 
by  che  general  artificial  horizon, 

and  a,  = the  fraction  of  the  fireball  not  obscured 
J by  local  objects  (i.e  , trees,  nearby 

buildings) . 

The  window  transmission  is  created  as  a two-level 
discrete  distribution,  namely  2/3  of  the  cases  are  assumed  to 
have  a transmission  of  807.  (averaged  over  the  pertinent  angles 
of  incidence) , corresponding  to  a single  pane  of  glass , and 
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1/3  are  assumed  to  transmit  only  70%,  corresponding  to  two 
panes.  The  transmission  values  are  adopted  from  recorrmenda- 
tions  (based  on  actual  data)  given  in  a 1966  Naval  Applied 
Science  Laboratory  Technical  Report  (Ref.  4.13). 

Window  screens  would  further  attenuate  the  transmitted 
radiation  where  they  are  used  (NASL  recommended  a value  of 
50%  transmittance  (Ref.  4.13)  for  a single  pane  of  glass  com- 
bined with  screen),  but,  noting  the  apparent  infrequency  with 
which  insect  screens  are  used  in  Central  Europe,  we  have 
chosen  to  neglect  this.  The  choice  of  1/3  double-pane  windows 
and  2/3  single-pane  windows  is  purely  an  arbitrary  one. 

Better  statistical  information  could  be  readily  obtained. 

From  the  fraction  of  the  fireball  obscured  by  the 
artificial  horizon,  curves  of  the  general  form  illustrated  in 
Figure  4.4  can  be  constructed  However,  the  artificial 
horizon  should  be  treated  as  a scenario- dependent  variable. 
Observations  (including  inclinometer  measurements)  made  both 
here  and  in  Germany  give  some  indication  of  the  general  range 
of  values  of  the  artificial  horizon.  In  U.S.  cities,  observa- 
tions made  from  windows  in  one-  and  two-story  buildings  indi- 
cate a fairly  consistent  angle  of  inclination  in  the  r&  ^ 5° 
to  6°.  In  surburban  areas  and  open  country  with  nominal  free 
coverage,  such  as  one  typically  observes  around  the  villages 
of  Central  Europe,  the  angle  will  average  about  3"  and  rarely 
exceed  5°  or  fall  below  2° . The  principal  exception  is  in 
heavily  forested  and  mountainous  areas  such  as  the  Black  Forest 
where  the  artificial  horizon  (though  it  is  often  hard  to  define 
exactly)  will  range  from  about  10°  to  15°  and,  surprisingly, 
even  in  the  deepest  canyons  will  rarely  exceed  20°. 

We  have  used  a lognormal  distribution  of  the  artificial 
horizon  with  a mean  of  3°  and  95%  confidence  limits  of  1.5° 
and  6°. 
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The  fraction  of  the  fireball  obscured  by  "local" 
objects  is  currently  prescribed  by  the  summer/wlnter  dis- 
tribution derived  from  the  Srn  Jose  survey  as  part  of  the 
Five-City  Study  and  shown  here  in  Figure  4.5.  Obviously, 
this  is  another  scenario- dependent  variable. 

Once  the  separate  probabilities  of  significant  room 
fires  have  been  estimated  with  the  distributed  variables  given, 
using  the  methods  just  described.,  these  are  then  combined  as 

Pb  = 1 - [l-Pr(1J[l-Pr(2)]S>Pr(3)l---t1-?r(N)] 

to  provide  an  estimate  of  the  probability  of  significant  (that 
is,  self-sustaining  and  potentially  life-threatening)  fires  in 
the  exposed  population  of  buildings  (denoted  Pb).  The  index 
J « 1,  2,  3 N designates  the  component  exposed  rooms  con- 

tained by  the  structures  in  question.  Tne  number  N should 
be  determined  (as  a distributed  variable)  from  a survey  of 
West  Cerran  vxilages.  In  the  Five- City  Study  the  mean  value 
for  single-family  residences  was  found  to  be  close  to  5.  It 
might  be  expected  to  increase  somewhat  linearly  in  proportion 
to  the  number  of  family  units  in  a residential  structure  We 
have  chosen  to  use  three  separate  "flat"  distributions  of  equal 
likelihood  over  the  arbitrarily  assumed  range  of  values.  The 
ranges  arc  « to  8 exposed  rooms  in  single- family  residences, 

6 to  12  in  two- family  residences,  and  10  to  30  in  larger  multi- 
unit  apartment  houses. 


Once  we  have  estimated  the  function  PbfO)  we  can 
readily  calculate  the  ultimate  burnout  given  (1)  the  number  of 
buildings  in  a naif-block  (e.g.,  rows  of  2 to  .10  struc- 

tures assumed  to  have  an  equal  frequency  of  occurrence)  and 
(2)  the  side-to-side  fira-spread  probability  p The  erapiri 
cal  equations  derived  for  this  purpose  are  as  follows- 


Cumulative  Frequency  of  Window  Exposure 


in  which 
A = 

and 


Fraction  burned  out 


A + BPb 


1 » 1.21(11,.  - l)0'096  Ps 


0.538  (Hj.  - X) 


0.038 


B » 1 - A . 


An  example.,  taken  from  a URS  study  (Ref.  4 .11  ) for  a row  of 
5 structures,  is  shown  in  Figure  4.6  . Single  structures  from 
which  no  spread  is  possible  must  also  be  accounted  for.  For 
single  structures  the  fraction  of  ultimate  burnout  equals  the 
probability  of  initial  ignition. 

Survey  data  are  needed  for  those  estimates , but  for 
initial  estimates  we  have  used  side-to- side  spread  probabil- 
ities based  on  the  San  Jose  data  from  the  rive-City  Study. 

A preliminary  estimate  of  the  number  of  buildings  in 
rows  was  made  for  the  study  from  aerial  photographs  of 
villages  in  Che  Niedersachsen  Region  of  West  Germany.  Tallies 
were  made  of  ^hc  frequency  of  observation  of  single  (isolated) 
buildings  and  rows  of  2.  3.  4 ...  up  to  and  including  10  and 
more.  Although  there  were  variations  in  the  sums,  no  parti- 
cular trends  were  found  and  we  therefore  decided  to  use  a flat 
distribution  (equal  likelihood  of  occurrence  of  an  isolated 
structure  or  any  one  row  "length"  up  to  and  including  the  case 
of  rows  having  19  and  more  buildings).  The  terms  "row"  and 
"isolated  building"  are  difficult  to  define  precisely,  but  in 
practice  the  meaning  is  clear  and  unambiguous.  Cases  of 
isolated  buildings  have  been  included  in  the  distribution 
function  because,  although  they  make  no  contribution  to  the 
fire  spread,  they  are  part  of  the  population  pool  and  must  be 
accounted  for  in  the  burnout  estimate. 


The  probability-of-spread  distribution  (only  side-to- 
side,  that  is,  along-the-row,  spread  events  have  been  included) 
was  derived  from  the  statistical  data  of  the  Five-City  Study 
(San  Jose  residential  areas)  illustrated  in  Figure  A. 7 , making 
use  of  a physically  plausible  relationship  between  probabilities 
of  fire  spread  and  configuration  factors  utilized  in  the  calcu- 
lation of  radiation  intensities  from  burning  (fully  involved) 
buildings.  (See  Figure  4.8.)  Inasmuch  as  critical  irradi- 
ances  for  spontaneous  ignition  of  materials  are  in  the  range 


-2  -1 

of  about  0.2  to  0.6  cal  cm  sec  , averaging  about  0.4,  while 


windows  of  rooms  filled  with  flame  radiate  in  the  neighborhood 
of  4 cal  cnf^  sec’^,  depending  upon  fuel  loading,  ventilation. 


and  other  factors , fire  spread  by  radiation  heating  alone  can 
be  expected  to  occur  in  a large  proportion  of  the  cases  when 
configuration  factors  (calculated  for  the  burning  building  as 
"seen"  by  the  as-yet-unignited  building)  exceed  about 
♦ * pp  ” 0.1.  Thus,  we  expect  the  probability  of  spread  to 
rise  abruptly  in  the  vicinity  of  6 * 0.1  from  small  values 
that  are  representative  of  spread  by  spotting  and  piloting 
mechanisms  (no  more  chan  a few-percent  probable  at  distances 
where  t falls  to  0.05  and  below)  to  probabilities  approach- 
ing unity  at  9 « 0.2.  This  function  is  shown  in  Figure  4.6  . 
Combining  this  with  the  side-to-side  spread  probability 
statistics  from  the  Five-City  Study,  we  derived  the  frequency 
distribution  function  for  fire-spread  probabilities  as  shown 
in  Figure  4.  9 and  used  in  this  study. 


EFFECTS  OF  BLAST 


_ __Al-l-the  foregoing  has  ignored  airblasc  and  its  effects 
on  fires,  which  include  (1)  the  interaction  of  the  blast  wave 
with  the  fire  and  (2)  secondary  fire  ignitions.  The  effects 
of  airblast  and  fire  are  inseparable,  and  their  interactions 
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Figure  4.8.  Probability  of  fire  spread  as  a function  of  the 
configuration  factor. 
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Figure  4.9.  Probability  of  side  to  side  fire  spread 


are  of  great  importance  to  the  determination  of  population 
survival.  Over  those  direct-effect  areas  where  fire  effects 
are  important  there  will  typically  be  substantial  structural 
damage  from  blast.  Even  at  large  distances  from  ground  zero, 
approaching  the  limit  of  incendiary  reach,  the  effects  of  air- 
blast  on  fires  will  be  considerable.  In  most  residential 
areas  some  structural  damage,  including  partial  collapse, 
accompanies  fires  of  any  practical  consequence.  This  alters 
che  environment  in  which  the  fires  will  develop  and  spread. 
Moreover,  many  fires  may  he  extinguished  by  the  airblast  (or 
at  least  degraded  from  active  flaming  combustion  to  smolder- 
ing). The  same  applies  to  commercial  and  industrial  occupan- 
cies except  that,  at  che  limit  cf  incendiary  reach,  there  will 
be,  in  general,  less  structural  damage.  Nevertheless,  sub- 
stantial change  will  be  wrought  by  blast  including  (1)  the 
loss  of  curtain  walls  and  interior  partitions,  (2)  the  ejection 
of  chese  structural  components  along  with  contents  to  form 
debris  in  the  ope;;  spaces  between  buildings,  and  (3)  some  of 
the  actively  flaming  initial  fires  will  be  extinguished  or 
reduced  to  a leas  active  smoldering  state. 

The  question  of  whether  (and  how  many)  fires  are  ex- 
tinguished by  che  blast  wave  is  of  extreme  importance  to  sur- 
i Ival  and  the  planning  of  emergency  operations  to  aid  survival 
in  che  immediate  period  following  attack.  It  cannot,  as  yet, 
be  answered  confidently . Studies  of  the  effects  in  Japan  and 
at  various  nuclear  and  high- explosive  tests  arc  contradictory 
and  leave  the  question  unresolved.  Laboratory  experiments 
that  simulate  blast  loading  of  urban  interiors  show  that  thv 
blast  wave  typically  does  extinguish  flames  but  often  leav.s 
the  material  smoldering  to  reinitiate  active  flaming  at  a 
later  time.  It  is  not  certain  at  present  how  universally 
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this  behavior  may  extend  to  actual  urban  targets  experiencing 
a nuclear  explosion.  Undoubtedly,  some  fires  will  survive 
the  blast;  others  will  be  started  by  it.  In  all  likelihood, 
the  ultimate  extent  of  damage  will  not  depend  nearly  as 
heavily  on  whether  or  not  blast  extinguishment  occurs  as  Jr. 
will  on  how  the  blast  either  aids  or  impedes  the  effective 
application  of  self-help  firefighting  by  the  resident  popula- 
tion. While  blast  damage  may  hinder  this  action,  the  blast 
wave  may  provide  some  additional  time  by  snuffing  out  many 
actively  flaming  fires , leaving  relatively  slow-growing 
smoldering  fires  in  their  places. 


Where  blast  overpressures  are  high  enough  to  cause  sub- 
stantial structural  collapse  and  to  create  deep,  nearly  con- 
tinuous debris  fields  over  much  of  the  local  area,  the  spread 
of  fire  and  its  threat  to  survival  could  be  quite  different 
in  character  from  that  modeled  in  this  study.  Where  initial 
fire  incidence  is  light,  fires  will  burn  in  a spotty,  spo- 
radic fashion  with  little  or  no  interaction.  Basement  spaces 
and  structures  still  standing  will  usually  provide  fire-safe 
refuge.  With  proper  precautions,  a very  high  level  of  sur- 
vival can  result.  Self-help  firefighting  can  be  important  in 
the  relatively  infrequent  circumstances  where  fires  do  start 
in  (tar  quite  near  to)  occupied  buildings.  Occupants  have,  per- 
haps, 1/4  to  1/2  hour  to  find  and  extinguish  these  fires.  Air 
vents  to  underground  shelter  must  be  freed  of  debris  that  might 
subsequently  become  involved  in  a slow  moving  debris  fire. 

Where  the  ler.sity  of  fire  starts  is  high,  fire  spread  plays  a 
role  in  the  fire  threat  for  only  a short  period  of  time  while 
.ie  fires  are  merging.  The  threat  is,  therefore,  determined 
by  tie  intensity  of  the  mass  fire  and  the  environment  it 
creates,  notably  the  air  temperatures,  and  the  atmospheric 


concentrations  of  t'O  and  CO2. 
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In  typical  residential  areas  where  fuel  loadings  of,- 

2 ’ 

1.5  to  3 pounds/ft  will  constitute  the  debris  field,  maximum 

o 

burning  rates  will  range  from  0.1  to  0.2  lb/ft  -min  yielding 
about  2 lbo  of  CO  per  minute  over  each  100  sq  ft  of  burning 
debris.  The  corresoonding  heat  release  rate  will  be  8 x 10"* 
calories  per  minute  per  sq  ft.  This  is  comparable  to  the 
conditions  generally  ascribed  to  a fire  storm  and  represents 
a substantial  threat  to  survival,  requiring  special  precau- 
tions such  as  closing  air  vents  for  a period  of  a half  hour 
cr  so.  The  much  heavier  accumulations  of  debris  in  builtup 
commercial  and  industrial  areas  will  cause  burning  to  last 
for  hours.  Prospects  for  continued  survival  in  these  areas 
are  bleak. 

For  such  areas,  crisis  relocation  of  the  resident  popu- 
lation is  the  preferred  planning  option.  After-the-fact, 
remedial  movement  of  the  surviving  sheltered  population  at  the 
earliest  threat  of  fire  will  be  imperative. 

We  were  unable  in  this  brief  study  to  develop  a model 
of  fire  spread  for  blast  damaged  urban  areas.  Additional  fire 
research  is  required  before  such  models  can  be  developed. 

Since  these  blast-fire  interaction  effects  are  not  yet 
well  defined,  our  estimates  of  them  will  necessarily  have 
large  dispersions.  For  nominal  estimates  we  use  an  algorithm 
for  blowout  of  fires  that  was  previously  used  by  URS,  which 
states  that  below  2 psi  peak  overpressure  no  fires  are  blown 
out,  above  5 psi  only  half  of  the  primary  ignitions  survive 
the  blast  wave,  and  between  2 and  5 psi  the  survival  of  primary 
ignitions  decreases  linearly  from  1 to  0.5.* 

*A  recently  published  URS  report  (Ref.  4.14)  supports  these 
earlier  conclusions  but  points  out  the  importance  of  fuel 
location  in  the  room  relative  to  the  blast- induced  air  flow 
pattern. 
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The  only  definitive  study  that  has  been  conducted  to 

2 

date  (Ref.  4.15)  on  secondary-ignition  fires  per  1000  ft  of 
floor  area  in  areas  of  the  target  experiencing  2 psi  and 
higher  overpressures.  Additional  insight,  both  with  regard 
to  secondary  fires  and  casualty  production  by  primary  or 
secondary  fires,  may  become  available  from  studies  of  other 
World  War  II  fire  data  analyzed  under  DMA  Contract  No. 
DNA001-76-C-0085 , "Relative  Collateral  Damage." 

To  use  the  McAuliffe  and  Moll  (Ref.  4.15)  predictor  of 
secondary- fire  density,  we  require  an  estimate  of  floor  area. 
In  this  study  we  estimated  the  average  floor  area  of  single- 
family  dwellings  to  be  1667  ft  which  yields  a secondary- 
ignition-source  building- fire  probability  of  0.01.  For 

multiple-family  dwellings  we  estimated  the  floor  area  to  be 

2 

1C00  ft  timer,  the  number  of  units  per  building. 

According  to  a Dikewood  survey  of  fire  casualties  in 
World  War  II  (Ref.  4 18).  fire  fatalities  rarely  exceed  47.* 
of  the  population  at  risk  unless  the  fire  took  on  the  extreme 
dimensions  and  the  intense  nature  ascribed  to  firestorms . 
Based  on  this,  the  following  casualty  alcgrithm  is  proposed: 

1.  Three  percent  of  the  total  population  at 
risk,  plus  all  of  that  portion  of  the 
population  at  ri3k  which  is  either  trapped 
or  nonambulatory,  will  be  killed  by  fire 
effects . 

2.  The  population  at  risk  is  defined  to  be  that 
fraction  of  the  surviving  population  (all  of 
those  not  killed  by  the  prompt  weapon  effects) 
which  is  sheltered  in  burning  buildings. 


Fires  started  by  nuclear  weapons  will  tend  to  be  simultaneous 
and  fewer  people  will  have  the  opportunity  to  find  refuge 
(compared  to  WW  II  fires) . 


m ' 


EXAMPLE  CALCULATIONS  OF  EXTENT  OF  FIRE 

We  illustrate  here  simple  estimates  of  the  extent  of 
serious  fires  for  a single  set  of  scenario-dependent  variables 
and  without  treating  the  dispersion  of  distributed  variables. 
Moreover,  no  casualty  production  assumptions  for  fires  are  in- 
corporated in  this  example,  nor  is  the  casualty  production 
from  other  weapon  effects  included  with  these  results.  (Full, 
all-effects  casualty  calculations  including  distributed 
variables  to  establish  confidence  limits  are  given  below  in 
Section  6) . As  a rough  indication  of  the  potential  serious- 
ness of  fires  as  a casualty  production  mechanism  for  low-yield 
weapons,  however,  the  range  of  the  effects  of  other  mechanisms 
may  be  compared  to  the  predicted  extent  of  the  burned-out 
region. 

"his  example  estimates  the  fraction  of  buildings  burned 
for  the  following  conditions: 

(1)  Weapon  - (a)  1 kiloton,  standard  fission 

(b)  10  kiloton,  standard  fission 

(2)  Height  of  burst  - (a)  400  ft. 

(b)  895  ft* 

(3)  Residential  area  with  A rooms  per  building 
exposed  to  the  fireball  and  the  following 
obscuration  factors- 

2 rooms  with  a ^ » 0.8,  = 1.0 

2 rooms  with  * 0.8,  cTj  •»  0.5 

(4)  Visibility  of  10  miles 

(5)  Artificial  horizon  » 3° 


*Height  of  burst  scaled  to  give  (at  the  second  thermal  maxi- 
mum) a fireball  line  of  sight  equivalent  to  1 kiloton  at 
400  feet. 
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(6)  Total  bum  calculated  for  isolated  rows  of 

5 houses  with  house-to-house  spread  prob- 
ability of  0.67.  ; 

(7)  Windows  are  not  covered.  > 

t 

The  calculations  were  made  with  and  without  a considera-  j 

tion  of  blast  effects.  When  considering  blast  effects  it  was  * 

assumed: 

(1)  Below  2 psi  peak  overpressure  the  blast  wave 
has  no  effect  on  fire. 

(2)  Above  2 psi  peak  overpressure  (a)  a fraction 
equal  to  the  quantity  (8  - P)/6,  where  P is 
the  peak  overpressure  in  psi,  having  a lower 
limit  of  0.5,  survive  the  blast  wave  blowout 
to  rekindle  active  fires  and  (b)  an  additional 
17.  of  the  buildings  have  secondary  ignition 
fires. 

Results  of  these  calculations  are  shown  in  Figure  4.10 
for  the  1 KT  case  and  in  Figure  4.11  for  the  10  KT  case.  With 
or  without  the  blast  effects,  there  is  a significant  fraction, 

"'.107.,  of  the  buildings  completely  burned  out  at  a ground  range 
of  ".0.5  mi  from  the  1 KT  burst  and  1.2  miles  from  the  10  KT 
burst.  At  these  ranges,  and  with  typical  protection  inside 
residences  from  the  initial  radiation,  all  other  weapon 
effects  produce  no  significant  incidence  of  fatalities,  al- 
though the  creation  of  debris  and  the  incidence  of  non-fatal, 
incapacitating  injuries  from  other  effects  are  not  insignifi- 
cant at  this  range.  For  these  cases,  then,  the  possibility 
exists  that  fire  could  be  among  the  dominant  fatality  mech- 
anisms at  long  ranges  1 

l 
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Fraction  of  Building 


Recognizing  some  major  weaknesses  in  the  methodology  and 
the  physical-data  base  that  underly  it,  this  analysis  still  shows 
that,  for  tactical  situations  involving  the  use  of  nuclear  weapons 
in  Western  Europe,  collateral  fire  effects  could  be  quite  impor- 
tant. It  also  shows  how  strongly  dependent  the  fire  outcome 
is  on  scenario-related  variables,  and  it  implies  that  the  threat 
to  survival  may  be  readily  countered  through  civil  prepardness. 

The  most  serious  deficiency  in  the  methodology  arises 
from  its  neglect  or  its  inability  to  treat  adequately  the  blast 
effects  and  their  interaction  with,  and/or  influence  on,  fire 
behavior.  Yet  these  effects  may  drastically  change  the  in- 
cendiary outcome — probably  not  to  ameliorate  its  threat,  but 
in  still  uncertain  ways  that  may  have  important  operational 
and  decision-making  ramifications. 

Further  work  should  be  done  to  reduce  these  uncert- 
ainties. As  a general  and  long-term  recommendation,  the  un- 
finished research  work  on  blast-fire  interactions  should  be 
reactivated.  At  present,  no  Dob  agency,  to  our  knowledge, 
reactivated.*  On  the  shorter  term,  several  issues  of  direct 
relevance  to  collateral  damage  can  b-’  enumerated.  For  example: 

(1)  the  importance  of  exterior  ignitions  should  be  evaluated  for 
situations  where  interior  ignitions  do  not  dominate  the  fire 
response  of  the  target;  (2)  some  consideration  should  be  given 
to  situations  involving  previous  damage  from  either  nuclear  or 
conventional  weapons,  and  how  this  could  modify  the  conclusions 


♦Recently,  che  Defense  Nuclear  Agency  and  the  Defense  Civil 
Preparedness  Agency  have  initiated  new  fire  research  programs. 
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regarding  fire  effects;  (3)  improved  casualty  algorithms 
should  be  developed  from  the  historical  and  other  retrospec- 
tive sources  of  data  (e.g.,  data  from  both  wartime  and  peace- 
time experiences  in  which  fire  casualties  followed  explosions 
and/or  structural  collapse)  in  combinations  with  mathematical 
modeling  of  the  dynamics  of  fire  spread  as  it  may  impact  sur- 
vival (i.e.,  "fire  trapping");  and  (4)  an  effort  should  be 
made  to  resolve  through  experimentation  the  longstanding  un- 
certainty about  which  laboratory-determined  ignition  thres- 
hold applies  (or  if  neither  does,  what  then?)  to  practical 
situations  invoicing  the  exposure  of  mixed  and  geometrically 
complex  fuel  arrays. 

The  applicability  of  Five-City  Study  data  to  Western 
European  situations  is  of  questionable  validity.  Wherever  we 
have  shown  that  the  results  are  sensitive  to  the  assumed 
values  of  a particular  target-description  variable,  an  effort 
should  be  made  to  acquire  data  on-site  to  at  least  test  the 
applicability  of  the  U.S.  data  or.  when  practical  to  do  so. 
to  provide  improved  estimates  of  these  variables  and  their 
statistics. 

In  fire  predictions . there  are  numerous  "scenario- 
related"  variables  that  cannot,  or  should  not,  be  treated  in 
the  same  way  as  the  usual  physical  variables  having  some 
natural  effects,  and  provision  must  be  made  for  analyzing 
their  potential  role.  These  include  such  factors  as  the 
following; 

1.  Burst  height  and  yield 

2.  Sequence  of  two  or  more  bursts 


H-V't; 


f 
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3.  Warning  of  Che  population  and  its  response 

to  warning , e . g . , 

a.  closing  shutters  and  boarding  up  windows 

b.  emergency  housekeeping 

c.  movement  to  shelter 

d.  delegation  of  fire  watch 

e.  preparation  for  self-help  fire  fighting 

4.  Indirect  threat  due  to  wildland  fires. 

We  discuss  here  the  probable  impact  of  some  of  these  factors 
associated  with  sheltering  conditions. 

The  height  of  burst  critically  affects  (i.e.,  becomes 
the  principal  determinant  of)  the  extent  of  primary  fires  of 
the  airburst  fireball.  The  range  of  200  to  400  ft  SHOB 
appears  to  be  the  main  transition  region,  but  a better  measure 
of  artificial  horizons  in  typical  West  German  villages  is 
needed  to  verify  this  point. 

A similar  consideration  applies  to  the  probability  of 
exposure  of  interior  (room  content)  fuels.  The  probability  is 
a strong  function  of  the  line-of-sight  elevation  angle,  peak- 
ing at  about  22°  above  the  horizontal,  but  it  is  complicated 
by  trees  and  buildings  in  the  immediate  vicinity  of  the  exposed 
building  (and  considered  separately  from  the  artificial  horizon). 
More  survey  information  on  building  heights  and  separations 
would  also  help  to  better  define  this  factor. 

Moderate  blast  damage  caused  by  one  explosion  can 
markedly  increase  the  fire  susceptibility  of  an  urban  target 
subjected  to  a second  burst.  This  effect  has  not  been  con- 
sidered in  analyses  to  date.  Other  than  its  effect  in  removing 
shutters  and  ocher  coverings  from  windows,  it  is  not  yet 
clear  what  analytical  formalism  would  be  applicable,  nor  what 
additional  data  might  bo  needed. 


A simple  but  very  effective  primary-fire  counter- 
measure is  the  expendient  covering  of  windows  with  opaque 
material.  Simply  closing  a shutter  can  be  quite  effective 
in  virtually  eliminating  all  possibility  of  interior  fire 
starts  from  a single  explosion.  This  and  other  countermeasure 
options  must  be  evaluated,  both  as  a means  of  outlining  the 
magnitude  of  the  fire  problem  and  to  provide  some  quantitative 
measure  of  relative  effectivenss  for  population  defense  plan- 
ning. 

The  indirect  threat  due  to  wildland  fires  is  properly 
treated  in  terms  of  such  scenario-related  variables  as  weather 
(current  and  recent  past),  proximity  of  the  urban  area  to  con- 
tiguous, heavily  vegetated  areas  (e.g.,  forests),  and  the 
number,  sequence,  kinds,  and  locations  of  both  nuclear  and  con- 
ventional weapon  explosions  in  the  wildland  areas  adjacent  to 
urban  interfaces.  Ordinarily,  such  indirect  effects  will  be 
unimportant,  the  threat  is  nonexistant.  In  a few  circumstances,, 
however,  the  potential  threat  should  be  recongized  and  an 
attempt  made  to  evaluate  it.  In  qualitative  terms,  the  con- 
ditions accompanying  the  threat  are  the  saae  as  in  any  peace- 
time wildfire  situation  and  much  the  same  "spread/no-spread"  ! 

rules  will  apply.  The  main  differences  will  be  magnitude  and  i 

suddeness  of  threat  development,  and  the  phenomenon  of  crown- 
ing may  occur  in  even  the  managed  forest  of  Europe  where  it 
rarely  if  ever  occurs  under  ordinary  circumstances.  Never- 
theless, this  is  strictly  a problem  for  limited  localities 
and  adds  little  to  the  overall  evaluation  c-f  collateral  damage. 

Because  of  the  potential  for  movement  of  both  injured 
and  uninjured  people  to  avoid  the  threat  of  fire  and  the  pos- 
sibility of  entrapment  of  survivors  by  fire,  the  dynamics  of 


Analytical  models  for  fire  dynamics  and  speed  exist  but  have  not 
been  employed  in  this  study  because  of  the  still  uncertain 
nature  of  the  overall  fire  start  threat. 

In  conclusion,  the  fire  threat  to  collateral  damage  must 
be  considered  due  to  its  possible  important  outcome.  However, 
the  la-ge  uncertainties  in  the  methodology  and  data  base  must  be 
further  refined. 

4.4  INFERENCES  ABOUT  FIRE  PREDICTION  FROM  THE  JAPANESE 

EXPERIENCE 

As  a check  on  the  prediction  of  fires,  both  to  improve 
the  methodology  and  to  enhance  the  credibility  of  the  results, 
some  analytical  estimates  have  been  made,  independently  of  the 
results  of  the  postwar  bombing  surveys,  of  the  fire  damage  in 
the  Hiroshima  and  Nagasaki  attacks  of  World  War  II . After 
establishing  the  scenarios,  including  relating  free-ficld  Q's 
to  peak  overpressures  and  distances  from  ground  zero,  we  have 
successfully  forecast  the  gross  features  of  the  incendiary 
damage  within  the  uncertainties  of  the  bombing  survey  results 
(see  Tables  4.6  and  4.7).  Despite  the  obvious  differences  be- 
tween the  1J45  atomic  bombings  and  any  tactical  deployments 
contemplated  for  Western  Europe  in  the  future,  this  seemed  to 
be  a useful  exercise  because  it  represents  a large  extrapola- 
tion from  the  "Five-City  Study"  in  the  direction  of  tactical 
yields,  and  it  offers  the  only  teal  examples  of  urban  targets 
impacted  by  the  direct  effects  of  a nuclear  explosion. 

The  bombing  survey  estimates  of  fire  damage  resulting 
in  Hiroshima  and  Nagasaki  arc  shown  in  Figures  4.12  and  4.13  as 
functions  of  distance  from  ground  zero.  Our  calculated  ore- 
dictions  cf  burnout  are  shewn  in  the  same  figures  for  purposes 
of  comparison.  Included  also  are  the  predicted  initial  fires, 
indicating  by  difference  the  contribution  made  by  fire  spread. 
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and  predictions. 
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A detailed  analysis  of  the  two  affected  areas  was  not 
conducted  We  simply  used  average  values  of  fire  spread, 
building  density,  and  structural  variables  for  single-family 
residential  araas  as  derived  from  the  Five-City  Study. 

For  the  Nagasaki  case,  as  shown  in  Figure  £.13,  the  pre- 
dicted building  burnout  does  not  agree  nearly  as  well  with  the 
fire  data.  It  is  felt  especially  that  the  characteristics  of 
the  structures,  terrain  effects,  and  other  important  scenario 
variables  may  have  been  much  different  than  the  "average 
residential  area”  variables  that  were  used  for  predictions. 

The  damaged  area  in  Nagasaki  was  a heterogeneous  complex  cf 
varied  topography,  containing  a wide  range  of  building  use 
classes  and  structural  types. 
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5.  PERSONNEL  CASUALTY  CRITERIA  AND  RELATED  UNCERTAINTIES 


5.1  RATIONALE  FOR  CONSISTENT  CRITERIA 

For  air  burst  nuclear  weapons,  Che  principal  injury  mech- 
anisms are 

1 • ionizing  radiation,  both  initial  and  from  fallout 

• blast 

, • thermal  radiation, 

j • debris  from  buildings 

« fires 

with  injury  types  generic  to  each  of  the  above  mechanisms  as  well 
as  injuries  from  combinations  thereof.  Each  of  the  basic  injury 
types  are  considerably  different,  viz,  cellular  damage  in  the 
hematopoietic  and  gastrointestinal  systems  versus  physical  wounds 
and  cellular  disruption  of  the  lungs  versus  external  burns  of 
varying  severity.  Inasmuch  as  when  the  effects  of  sheltering 
and  injury  severity  are  considered,  no  one  injury  mechanism  or 
type  predominates  for  the  low  yield  tactical  weapons  we  are  con- 
sidering in  these  civilian  collateral  damage  studies,  each  injury 
mechanism  (as  well  as  combined  injuries)  must  be  considered. 

It  is  incumbent  on  the  analysts  (of  the  extent  of  collateral 
damage  to  personnel  from  tactical  nuclear  weapons)  to  arrive  at 
injury  criteria  that  are  consistent  and  intercomparable ; like 
the  old  problem  of  counting  apples  and  oranges,  burns,  broken 
limbs  and  depressed  blood  counts  are  not  directly  summable. 

Hence,  in  this  section,  we  will  arrive  at  some  injury  severity 
levels  that  are  comparable  and  that  can  be  used  to  give  an  over- 
all estimate  of  the  collateral  damage  suffered  by  the  civilian 
personnel  exposed  to  the  effects  of  the  low-yield  tactical  nuclear 
weapon . 
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5.2  IONIZING  RADIATION 


5.2.1  Introduction 


The  following  discussion  of  the  human  response  to  ionizing 
radiation  is  based  in  part  on  the  work  and  recommendations  of 
the  Armed  forces  Radiobiology  Research  Institute  (AFRRI)  and 
from  outher  sources  including  analyses  done  at  the  Army  Nuclear 
and  Chemical  Agency  (ANCA) , the  School  of  Aerospace  Medicine 
(SAM) , the  Oak  Ridge  National  Laboratory  (ORNL) , the  Brcokhaven 
National  Laboratory  and  at  SAI.  It  will  be  limited  to  con- 
sideration of  those  factors  pertinent  to  collateral  damage  esti- 
mates (viz.,  civilians)  and  hence  will  not  address  such  topics 
as  incapacitation,  transient  effects,  nor  suprelethal  levels. 

These  effects  of  military  interest  are  being  considered  in  dif- 
ferent contexts  by  other  appropriate  groups  (c.g. . AFRRI  and  ANCA). 

We  are  limiting  this  discussion  to  acute  effects  over  a 
relatively  short-time  ( c 60  days).  Chronic  and  long  term  effects 
extending  over  years  (and  even  generations)  are  equally  important 
in  ordei  to  consider  the  entire  collateral  damage  picture, 
but  analyses  of  these  will  need  to  be  developed  in  detail  at 
a later  time.  Moreover,  we  shall  only  consider  the  external 
radiation  from  weapons  and  shall  defer  a discussion  of  internal 
emitters  (viz.,  'all out)  to  other  reports. 

As  a further  preface  to  the  following,  it  should  be  noted 
that  considerable  uncertainty  still  exists  with  regard  to  the 
effects  of  ionizing  radiation  on  numans.  This  is  because  radiation 
at  any  level  is  considered  to  be  harmful  thus  preventing  controlled 
human  experimentation.  Extrapolation  of  animal  response  data 
to  man  has  inherent  difficulties  and  inaccuracies.  What  human 
data  that  do  exist  have  either  uncertainties  in  dose  (Japanese 
casualties)  and/or  non-uniformity  of  dose  (radiation  accidents). 
Where  the  dose  is  accurately  known  in  the  case  of  medical 
response  data  of  very  seriously  ill  patients  who  were  partially 
or  whole -body  irradiated  (either  in  single  or  multiple  doses) 
in  attempt  to  cure  or  palliate  their  disease,  the  nature  of  their 
disease  also  confuses  che  interpretation  of  radiation  effects. 
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Respecting  these  difficulties  in  deriving  human  radiation  response 
we  shall  strive  to  document  some  important  dose/resporise  data  and 
their  principal  uncertainties  in  order  to  provide  bracketing 
values  for  estimation  purposes. 

5.2.2  Basic  Considerations 

There  are  a few  fundamentals  of  radiation  exposure,  energy 
deposition  and  biological  response  that  should  be  considered 
prior  to  any  detailed  discussions  of  human  response  to  ionizing 
radiation. 

Radiation  Units 

The  Roentgen  (R)  is  a unit  of  air  exposure,  i.e.,  the  quan- 
tity of  ionization  in  air.  Its  application  is  particularly 
important  with  use  of  ionization  chambers  to  measure  the  level 
of  radiation  exposure.  The  rad  is  a unit  of  absorbed  dose 
(100  ergs/gm) ; it  is  related  to  the  Roentgen  by  means  of  the  mass 
energy  absorption  coefficients  which  are  radiation,  energy  and 
material  dependent.  For  x-  or  y-rays  of  O.i  to  4 MeV,  1 Roentgen 
of  exposure  produces  about  0.94  rad  of  deposited  dose  in  a 
small  sample  of  muscle.  Because  most  radiation  is  exponentially 
attenuated  in  matter  with  mean  distances  the  order  of  human 
dimensions,  the  mass  attenuation  must  be  considered  when  converting 
from  exposure  to  absorbed  dose  at  depth;  e.g.  , 1 Roentgen  of 
photons  from  a weapon  would  produce  about  0.65  rad  of  mid-line 
body  dose  (standard  man)  and  about  0.70  rad  of  mid-head  dose. 

For  neutrons,  air  exposure  has  no  meaning  so  that  absorbed  dose 
must  be  used.  Moreover,  the  dose  of  secondary  gamma  rays  pro- 
duced by  neutrons  interacting  with  a body  contributes  to  the  dose 
at  mid-line  or  mid-head  so  there  is  no  simple  relationship  be- 
tween these  doses  and  the  absorbed  dose  in  a small  tissue  sample. 

One  quantity  that  is  often  used  is  the  tissue  kerma  (units 
of  rads)  which  is  defined  (Ref.  5.1)  as  the  kinetic  energy  of  all 
charged  particles  liberated  by  indirectly  ionizing  particles  per 
unit  tissue  mass.  Kerma  and  absorbed  dose  differ  only  slightly 
at  •'epths  where  charged  particle  equilibrium  exists  and  breos- 
strahlung  losses  arc  negligible  (Ref.  5.2).  It  is  only  at 
ar.d  near  a tissue-air  interface,  where  the  dose  buildup  region 
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is  located,  that  karma  and  absorbed  dose  differ  significantly. 

Its  application  is  particularly  useful  in  calculations  in- 
volving complex,  mixed  spectra  that  might  result  from  fission 
weapons.  We  shall  use  tissue  kerma  (free-in-air)  as  our  basic 
calculational  unit  and,  for  our  purposes,  there  is  no  significant 
difference  between  it  and  absorbed  dose. 


Relative  Biological  Effectiveness 

All  ionizing  radiations  produce  the  same  types  of  biological 
effects,  but  the  extent  of  response  (or  damage)  in  terms  of 
absorbed  dose  varies  with  the  tissue  or  organ  irradiated, 
radiation  type,  total  dose,  dose  rate,  and  magnitude  of  the 
effects  (or  damage)  as  well  as  other  possible  factors.  The  term 
relative  biological  effectiveness  (RBE)  is  used  to  relate  the  ra- 
diation dose  required  to  produce  an  effect  to  the  dose  of  a 
reference  radiation  (Co^^  or  200-250  kVp  x-rays)  required  to 
produce  the  same  effect.  For  the  same  radiation,  there  can  be 
a variety  of  values  for  the  RBE  depending  upon  the  variables 
noted  above.  It  is  further  complicated  by  the  shape  of  dose- 
survival  curves  and  the  phenomena  of  "recovery  and  repair". 

A highly  significant  factor  in  determining  the  RBE  of 
radiation  in  a particular  circumstance  is  the  linear  energy  trans- 
fer (LET)  of  the  radiation.  LET  is  most  simply  defined  as  the 
energy  deposited  "locally"  pe1-  unit,  path  length  as  the  radiation 
interacts  with  the  matter  of  interest.  Its  units  are  usually 
2 

kcV/u  or  MeV-cm  / g.  From  cellular  and  small  animal  radiobiological 
exporimerts,  we  know  that  RBE  is  a relatively  complex  function  of 
LET.  Frcm  cellular  studies,  the  RBE  has  a maximum  at  a LET 
slightly  above  1000  HcV-cm^/g  (carbon  ions)  (Ref.  5.3).  The 
magnitude  of  this  maximum  decreases  with  severity  of  the  injury. 

For  weapon  radiations,  the  gamma-  and  x-rays  have  an  RBE  of 
1.0  (by  definition);  the  neutrons  interact  with  matter  by 
elastic  and  inelastic  collisions  and  other  nuclear  reactions 


| 


•i 


5-4 


4 


£ 


resulting  in  recoil  protons  and  heavier  ions  - hence  a very 

2 

complex  LET  spectrum,  high  LET  radiations  (>35  MeV-cm  /g) 
such  as  neutrons  have  RBEs  of  2 to  4 for  sub-lethal  dermal  re- 
sponses (e.g.  , skin  erythema)and  small  animal  lethality  with  higher 
RBEs  (10+)  for  long-term  effects  such  as  cataract  formation 
(Ref.  5.4).  However,  there  is  some  evidence  that,  for  large- 
animal  acute/lethal  effects,  the  RBE  of  neutrons  (Ref.  5.4)  is 
closer  to  1.0.  For  supralethal  effects  (Ref.  5.5),  the  neutron 
RBE  (mixed  fields  with  n/y  ratio  of  0.4  and  3.0)  is  not  differ- 
ent than  1.0.  Conservative  recommendations  for  neutron  RBEs  have 
been  made  for  protection  purposes  (Ref.  5.6)  which  range  from 
2 to  11,  depending  an  neutron  energy.  But  for  the  acute,  short- 
term effects  we  will  be  considering  here,  we  will  accept  the 
recommendations  of  AFRRI  (Ref.  5 . 7)  , ANCA  (Ref . 5.8),  the  Space 
Radiation  Study  Panel  (Ref.  5.9)  and  others  (Ref.  5.10).  These 
recommendations  are  that,  in  the  absence  of  better  data  and 
analyses,  the  neutron  RBE  be  considered  1.0,  not  because  it  is 
exactly  1.0  but  because  there  is  no  more  acceotable  value. 

Proper  Dose  Index 

Because  of  the  variation  of  deposited  dose  across  a human 
(factor  of  2 or  more  for  20  cm)  and  because  the  vital  organs 
(i.e.,  marrow,  GX  track,  cardiovascular  system,  brain,  etc.) 
affected  by  radiation  are  located  at  different  depths,  it  is 
nearly  impossible  to  assign  a single  number  (exposure,  absorbed 
dose  or  otherwise)  upon  which  all  human  radiation  effects  may 
be  based.  This  effect  is  much  larger  for  neutrons  than  gamma 
rays.  However,  some  dose  indices  have  been  developed  in  an 
attempt  to  provide  a means  for  inter-comparison  and  prediction. 
These  include  (Ref  5.10): 

» Exposure  ir.  air  - Roentgens 

• Tissue  dose  or  kerraa  free- in-air  - rads 

• First-collision  dose  - rads 

• Mid- line  bodv  - rads 


• Integral  dose  - grams-rads 

• Specific  organ  dose  (e.g.,  skin,  marrow,  gonads,  etc.), 
integral  or  differential  - gram-rads,  rads.  etc. 

The  use  of  any  of  these  indices  as  a means  to  quantify  radiation 
injury  may  only  be  appropriate  under  circumstances  where  other 
variables  relating  to  the  radiation  exposure  conditions  are  either 
known  or  within  certain  prescribed  limits.  For  example,  mid-line 
body  dose  is  thought  to  be  most  appropri jte  when  considering 
lethality.  However,  the  mean  lethal  mid-line  body  dose  for  whole- 
body  exposures  for  dogs  is  207.  higher  for  dogs  irradiated  uni- 
laterally versus  those  irradiated  bilaterally  (Ref.  5.11).  This 
effect  would  be  even  greater  for  human  exposures.  Likewise, 
exposure  or  kerma  (free-in-air)  cannot  be  used  for  children 
or  extremely  large  adults  without  considering  the  radiation 
attenuation  effects  which  would  underestimate  the  mid-line  dose 
in  the  former  and  overestimate  the  mid-line  dose  in  the  latter. 
Some  work  in  progress  to  correlate  the  results  of  irradiation 
experiments  to  detailed  calculations  of  the  dose  received  by 
blood  forming  (red  marrow)  regions  is  described  below  in 
Section  5.5. 

For  neutrons  or  mixed  neutron-gamma  fields,  the  relationship 
between  mid-line  absorbed  doses  and  tissue  kerma  (free-in-air)  is 
not  a single  multiplying  factor  for  several  reasons  (Ref.  5.8  and 
5.10). 

• Neutrons  are  more  highly  attenuated  in  tissue  than 
gamma  rays. 

• Neutrons  in  interacting  with  tissue  produce  secondary 
gamma  rays  which  produce  mid-line  dose. 

• If  the  RBE  for  neutrons  is  believed  different  from 
1.0  then  che  neutron  and  gamma  dose  at  mid-line  must 
be  considered  separately. 

• Neutron  spectrum  differences  affect  both  the  attenua- 
tion and  secondary  gamma  production,  although  these 
differences  are  less  significant  at  larger  ranges. 

Hence,  the  conversion  from  raid-line  doses  to  tissue  kerma  for 
neutrons  must  be  done  for  eacn  particular  situation  and  not 


ascribed  a single  factor  as  in  the  case  for  gamma-rays.  For  a 
simple  fission  soectrum  at  ranges  beyond  several  hundred  meters, 
mid-line  dose  is  approximately  0.45  of  the  free-in-air  tissue 
kerma.  This  factor  includes  the  secondary  gamma-rays.  Without 
the  secondary  gamma-rays,  the  ratio  would  be  approximately  0.27 
(Ref.  5.10). 

Non-uniform  irradiations  (e.g.,  half-body)  can  result  in 
mean  lethal  integral  doses  (gram-rads)  as  much  as  four  times 
larger  (Ref.  5.12,  5.13)  in  dogs  than  for  uniform  whole-body 
doses.  Indeed,  some  cancer  patients  are  presently  being  given 
more  chan  3 times  lethal  whole-body  doses  in  a treatment  protocol 
that  calls  for  a single  dose  of  up  to  1000  rads  (mid-line  de- 
livered to  one-half  of  the  body  followed  30  days  later  by  1000 
rads  (mid-line)  to  the  other  half)  without  severe  side  effects 
(Ref.  5.14). 

Likewise  a total  treatment  dose  in  excess  of  the  99%  lethal 
single  dose  can  be  given  to  patients  over  a protracted  perioa  of  sev- 
eral weeks  without  producing  lethality  (Ref.  5.15).  Hence,  it  is 
extremely  important  to  qualify  the  use  of  any  one  of  these 
Indices  as  the  sole  means  to  assess  radiation  injury.  For  the 
purposes  of  this  discusison,  we  shall  use  mid-line  body  dose 
in  rads  or  tissue  kerma  (free- in-air)  in  rads  with  the  following 
constraints  (unless  otherwise  noted) : 

• short  irradiation  period  (<<1  day) 

• nuclear  irradiations  (y-rays  and  neutrons  from 
conventional,  low-yield,  unenhanced  fission 
weapons 

• uniform,  whole-body,  unilateral  irradiations. 

Shielding  Protection  Factors 

Structures  can  provide  considerable  protection  from  initial 
nuclear  radiation.  The  degree  of  protection  can  vary  substantially 
with  the  type  of  structure  and  the  person's  exact  location  within 
the  structure.  For  a variety  of  structure  types,  protection  fac- 
tors have  been  developed  (Ref.  5.16)  as  previously  given  in  Table 


4.1.  A more  recent  analysis  for  European-type  residential 
structures  had  derived  variations  in  radiation  protection 
factors  (Kef.  5.17)  as  shown  previously  in  Table  4.2.  More 
analysis  is  required  to  refine  the  protection  factors  and 
derive  realistic  sheltering  postures  for  people  within  these 
structures. 


5.2.3  Radiation  Injury 

Radiation  effects  on  man  may  be  categorized  in  a number  of 
different  ways.  Langham  (Ref.  5.18)  proposed  dividing  the 
effects  into  "somatic"  and  "genetic,"  where  somatic  effects 
appear  in  the  individual  irradiated  and  genetic  only  in  progeny. 
As  noted  in  Section  5 2.1,  we  are  not  considering  genetic  ef- 
fects at  this  time.  Somatic  effects  can  be  subdivided  into 
early  (£60  days)  and  late  effects  and  each  further  categorized 
(Ref.  5.18). 

Early  Effects 

• Skin  erythema  and  moist  desquamation 

• Prodromal  response  (radiation  sickness) 

-gastrointestinal  (anorexia,  nausea,  vomiting,  diarrhea, 
intestinal  cramps,  salivation,  dehydration  and  weight 
loss) 

-neuromuscular  (easy  fatigability,  apathy  or  listless- 
ness, sweating,  fever,  headache,  and  hypotension  fol- 
lowed by  hypotensive  shock) 

• Hematological  depression 

• Early  lethality 

• Decreased  fertility  and  increased  sterility 
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Late  Effects 


• Permanent  or  delayed  skin  changes 

• Increased  incidence  of  cataract 


• Increased  incidence  of  leukemia  and  otner  neoplastic 
disease 


Again,  as  noted  above,  we  will  not  be  considering  late  effects 
in  this  discussion. 


The  mean  dose  to  cause  skin  erythema  (reddening)  is  on 
the  order  of  575  rads  (Ref.  5.19)  and  moist  desquamation  even 
higher.  For  the  penetrating  weapon  radiations  (excluding  fall- 
out beta  emitters)  we  are  considering,  this  dose  at  mid-line  is 
more  than  lethal.  Hence,  these  skin  effects  — although  of 
medical  interest  — are  accompanied  by  the  much  more  serious 
effect,  lethality.  We  will  not  consider  them  further. 


Decreased  fertility  and  increased  sterility  are  further 
effects  we  will  not  consider  due  to  the  lack  of  apparent  mani- 
festation of  the  condition  in  the  irradiated  individual. 


Summarizing,  we  are  left  with  the  following  early  radiation 
effects  to  consider: 


• Prodrome  1 response 

• Heraatol'gicai  depression 


• Early  lethality. 

These  are  to  be  considered  within  the  following  injury  hierarchy. 


• non-apoarent  or  latent  injuries  usually  long-term  or 
genetic  - not  considered  here  as  noted  above 


apparent  (symptom)  injuries  but  not  serious  enough  to 
require  intervention  by  another  individual 


burdening  (Ref.  5.20)  injuries  which  require  aid  from 
another  individual . especially  the  health  care  system 


lethal  injuries. 
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Soth  apparent  and  lethal  injuries  have  definitive  symptoms  and 
end-points,  whereas  a burdening  injury  level  is  a difficult 
quantity  to  develop  but  with  immense  import  because  of  the  im- 
plications it  has  on  the  quantity  of  health  care  necessary  to 
care  for  the  individuals  irradiated.  As  an  extreme  example, 

100  people  inflicted  with  burdening  radiation  injuries  in  a city 
of  1,000,000  could  be  easily  cared  for  One  hundred  thousand 
people  in  the  same  city  with  apparent  symptoms  of  radiation  in- 
jury but  not  requiring  assistance  could  stay  at  home  (and  feel 
nauseous)  without  causing  major  stress  on  the  city,  but  100,000 
inflicted  with  burdening  injuries  could  not  possibly  be  cared 
for  in  any  organized,  rational  manner.  The  concept  of  burden- 
ing injuries  thus  has  utility,  although  it  has  been  properly 
criticized  as  being  difficult  to  define  (Ref.  5.21,  5.22). 

Symptom  Dose 

Symptomatic  manifestation  of  radiation  effects  has  been  of 
prime  concern  for  the  manned  space  program.  Considerable  studies 
and  analyses  have  resulted  from  NASA  encouraged  work  (e.g.,  Ref- 
erences 5.19,  5.23,  5.24,  5.25,  5.26  and  5.27).  Col.  Stromberg 
(Ref.  5.21)  of  AFRRI  suggests  that  the  reconuiendations  of  symptom 
doses  made  by  the  Space  Radiation  Study  Panel  (Ref.  5.19)  in  1967 
are  still  valid  (see  Table  5.1).  Collectively,  the  symptoms  of 
anorexia  (loss  or  appetite),  nausea,  vomiting,  fatigue,  diarrhea, 
etc.,  make  on  che  prodromal  response  (Refs  5.25,  5.27  and  5.2S) 
which,  at  a low  enough  dose,  will  be  all  the  individual  suffers 
but  which  at  a higher  dose,  will  be  s prelude  to  acute  radiation 
sickness  and  lethality. 

It  should  be  noted  that  a number  of  mean  symptom  doses 
(SI>50)  given  in  Table  51  are  the  same  order  of  magnitude  as 
threshold  lethality  • and  legality  is  nearly  always 

accompanied  by  most  of  these  symptoms.  Hence,  or.e  should  esti- 
mate the  percentage  of  an  irradiated  group  of  individuals  chat 


would  exhibit  symptoms  only,  . it  not  requiring  l'edicsi  assistance, 
by  calculating  tne  total  number  for  a particular  symptom  and 
subtracting  the  number  estimated  to  have  either  burdenin'-  or 
lethal  injuries . 


! * 


The  concept  of  burdening  injury  was  introduced  years  ago 
by  c^vil  defense  authorities  to  enable  defense  planners  to  esti- 
mate a possible  burden  that  would  be  placed  on  the  health  cere 
system  and  survivors  in  general.  Dr.  White  (Lovelace  and  i.jw 
OMRF)  and  others  suggested  (Ref.  5.?0)  that  the  concent  might  have 
validity  when  considering  collateral  damage.  A consideration  of 
lethality  alone  lacks  completeness,  and  the  consideration  of  specific 
symptoms,  although  readily  quantifiable,  does  not  directly  establish 
the  stress  placed  upon  the  community,  particularly  if  casualties 
are  produced  by  several  different  weapon  effects  (which  produce 
different  symptoms) . The  difficulty  of  the  burdening  injury 
concept  is  the  uncertainty  in  arriving  at  meaningful  numerical 
values  to  describe  it. 

The  dose  required  to  produce  a burdening  injury  is  somewhat 
above  the  threshold  of  occurrence  of  the  symptoms  of  radiation 
sickness  and  is  obviously  below  lethality.  Figure  5.1  shows 
probit  plots  of  the  radiation  symptoms  and  prodromal  responses 
given  in  Table  5.1  along  with  a lethality  curve  (derivation  to  be 
discussed  in  the  next  section).  From  this  figure,  the  mean 
burdening  level  (BDr.j)  should  lie  somewhere  above  100  -ads 
(mid-line)  and  below  250  rads  (mid-line). 

Hematological  levels  are  prime  indicators  as  to  the  general 
well-being  of  individuals  exposed  to  ionizing  radiation  in  doses 
below  about  1000  rads.  Especially  important  are  the  depression 
of  the  neutrophils  (help  resist  bacterial  invasion) , lymphocytes 
(help  prevent  infection)  and  platelets  (assist  with  blood  clotting) 
as  well  as  the  white  blood  count  (WBC)  in  general.  Moreover, 


Che  survival  of  tne  stem  cells  (res  jnnsi  bit  for  repopulation) 

'.■i  critical  even  though  or,);-  a small  fraction  (^167.)  cf  the  total 
bone  marrow  is  required  to  supply  an  adequate  quantity  of  blood 
ceil'*.  Clotted  ip  Figure  5.2  are  tha  percentage  hematologic 
ixao'.rf.  (lowest  points  following  ar  irradiate o .)  for  several 
peripheral  aloof  e'ements  (Refs.  5.4,  5.19,  5.26  and  5.29).  Dr. 
Lushbaugji  (Pel'  5 30)  feels  there  may  be  significant  inaccuracies 
in  tot  data  analysis  of  Langham  (Ref.  5.19>  as  plotted  in  this 
figure  T>r . uus.toaugh’s  W3C  data  is  based  upon  the  multi-variant 
analysis  of  tne  clinical  observations  cf  92  patients  irradiated 
with  v’ho?  '-W  /eh  exposures  (Ref.  5 5,  5.26).  Indicated  also  are  a 
number  a-  levels  of  seriousness  for  lepre.'sion  of  blood  levels 
(Ref  5.4,  5.31).  Clinical  support  may  be  requited  at  doses 
above  75  raos  (mij  line)  and  certainly  abo\e  2J0  rads  (mid-line) 

The  “-SP  recommendations  and  anjlvses  provide  further  in- 
sight to  the  magnitude  of  the  burdening  level  (Ref.  5.32). 

They  inafcat-e  that  less  than  57.  would  require  medical  care  for 
exposui  es  between  50  R and  200  R,  "most*1  would  require  medical 
care  bet’*-  -n  200  R ant  450  R;  and  that  ICO  R is  regarded  as  the 
dividing  line  between  doses  that  will  ard  will  not  require 
co  lies  1 care. 


vr  ,uraraar'\  the  following  statements  ma”  be  made  about  the 
Kugiiende  of  burdening  levels- 


Exposure,  . Md-Line  Dcs» 


(Roentgens) 


_Ctaosl_ 


J 54<BDj.n<385  !00<BC,  „:250 


Tissue  Kerns ^ 
(free- in-air) ( rads) 

146<BD50<365 


Prodromal  6 
symptoms : 

Hematological 

depression: 


(a' 

Hoi  appropriate  for  neutrons  or  mixed  neutron-gamna  fields. 
See  Section  5.2.2. 


>10'115 

3Dm>75 

bdio: 

li-OOS 

BOro<200 

8D90' 

>b9^00 

BDj-*130 

BIV 

»05>50 

3D05^3 

BC05: 

,9?</-5') 

BD99<253 

BB99 

% 


On  the  basis  of  the  above  and  as  plotted  in  Figure  5-3,  we  estimate 
the  following  characterization  of  radiation  burdening  levels : 


Tissue  Kermav 
(free-in-air) (rads) 


Exposure  , , Kid-Line  Dose 
(Roentgens) _ ' (rads) 


BD01 

150+75 

158 

103 

ED10 

175 

184 

120 

BD50 

200+50 

211 

137 

BD90 

255 

268 

174 

BD99 

300+50 

316 

205 

(a^Mot 

See 

appropriate  for 
Section  5.2.2. 

neutrons  or  mixed 

neutron-gamma 

The  BD  probability  curve  shown  in  Figure  5.3  was  skewed  at  low 
probabilities  towards  higher  doses  and  at  high  probabilities 
towards  lower  doses  in  recognition  of  the  fact  that  the  prodromal 
response  at  higher  doses  will  be  a precursor  to  fatality  and  at 
the  lowest  doses  non-burdening  symptoms  alone  will  appear. 

This  is  consistent  with  the  statement  that  whole-body  exposures 
of  less  than  100  R would  nor  likely  require  medical  attention 
(Ref.  5.33). 

Lethality 

The  mean-lethal  prompt  radiation  dose  (LDjq^q)  for  a 
normal,  healthy,  young  adult  in  the  absence  of  medical  treatment 
has  been  a subject  of  conjecture  since  shortly  after  radiation 
was  discovered  (sec  for  example,  refs.  5.4,  5.19,  5.32  and  5.33). 
As  noted  in  the  introduction,  what  human  radiation  biology 
that  is  known  is  principally  the  result  of  accidents,  war  ana 
therapy  of  sick  patients. 

Mammalian  radiation  lethality  is  characterized  by  three 
syndromes  depending  upon  dose  (Ref.  5.34): 

• Hematopoietic  syndrome  - whole-body  doses  of  less  than 
500  rads 

• Gastrointestinal  syndrome  - whole-body  doses  between 
about  500  and  2000  rads 
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"Central  nervous  system" 
2000  rads. 


syndrome  - whole  body  doses  above 


Although  these  syndromes  are  important  considerations  to  the 
physician  and  are  of  fundamental  interest  to  the  radiobiologist . 
our  present  concern  is  not  with  the  mechanisms  of  radiation 
lethality  but  rather  quantification  of  lethality  versus  dose. 
Where  the  mechanisms  of  lethality  can  become  important  is  when 
comparing  radiations  of  differing  quality,  e.g.,  y-ravs  versus 
neutrons  and  widely  varying  mixtures  thereof.  Then  the  dose 
to  specific  organs  becomes  important,  e.g.,  bone  marrow  and 
spleen  for  the  hematopoietic  syndrome,  Cl  tract  for  the  gastro- 
intestinal syndrome  ana  the  cardiovascular  and  CNS  systems  for 
the  "central  nervous  system"  syndrome. 

Col.  Stromberg  (AFRRI)  has  suggested  (Ref.  5.21)  that  the 
Space  Danel  1967  analysis  (Ref.  5.19)  of  lethality  for  "normal 
man"  is  still  valid  and  that  there  are  no  more  recent  analyses 
that  would  invalidate  the  earlier  work.  Their  mid-lire  dose 
values  for  a normal  distribution  are: 

LD1q  « 220  rads 
LD5q  - 286  + 25  rads 
LD9q  » 352  rads. 

There  is  another  recent  study,  the  so-called  "Rasmussen  Report" 
on  reactor  safety  (Ref.  5.35),  that  considered  all  lethality 
data  to  date  including  the  medical  whole-body  irradiations. 

Their  values  for  lethality  with  minimal  medical  care  are 

l.Dla  » 255  rads 
LD^q  • 360  rads 
LDga  » 630  rads. 

The  mean  lethal  dose  value  is  about  20"',  higher  than  the  Space 
Panel  values.  We  have  chosen  to  use  values  slightly  above  the 
Space  Panel's  reccmmsndati-'ns  but  below  the  reactor  safety  study. 


Accordingly,  we  feel  the  errors  should  be  increased  somewhat  and 
feel  the  confidence  limits  for  the  LD^q  and  LD^q  are  still  not 
well  justified  due  to  the  paucity  of  data  at  these  levels.  Our 
recommended  values  are- 


Mid-Line  Dose  (rads) 

23C+50 

300+35 

370+35 


Exposure,  % 
(Roentgens^  ' 

365+75 

463+50 

570+50 


Tissue  Kerma^3) 
(Free-in-air) 
(rads) 

338+75 

440+50 

540+50 


^a^Not  appropriate  for  neutrons  or  mixed  neutron-gamma  fields. 

See  Section  5.2.2. 

It  should  be  emphasized  that  the  above  are  for  whole-body  irradia- 
tions of  a "normal  man".  There  are  a number  of  modifying  factors 
which  will  be  discussed  below. 

5.2.4  Modifying  Factors  and  Special  Considerations 


There  are  considerable  numbers  of  factors  that  modify  the 
prompt,  whole-body  LD^0  and  BDj0  estimates  for  "normal  man" 
and  many  cases  for  which  the  specific  values  do  not  apply. 

In  this  section,  we  shall  address  a number  of  these  factors  but 
mostly  as  they  relate  to  lethality.  It  has  been  nearly  impossi- 
ble to  deviiop  quantitative  factors  that  would  modify  burdening 
levels.  For  the  time  being,  we  can  only  assume  they  are  of  the 
same  magnitude  as  those  for  lethality. 

Medical  Care 

The  mean-lethal  doses  developed  in  Section  5.3  are  for  the 
case  of  no  or  "minimal"  medical  care.  The  reactor  safety  study 
(Ref.  5.35)  defines  three  levels  of  medical  care  • 

• minimal  - little  or  none 

• supportive  - reverse  isolation,  large  doses  of  anti- 
biotics and  blood  transfusions  to  control  infection 
and  bacterial  invasion 

• heroic  - extraordinary  measures  such  as  bone  marrow 
transplantation. 
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"Supportive”  care  can  be  provided  by  most  urban  and  some  rural 
general  M & S hospitals,  especially  those  with  facilities  for 
kidney  transplants.  It  is  estimated  (Ref.  5.35)  Chat  there  are, 
within  the  US.  over  400  hospitals  that  could  provide  this  level  of 
care.  There  are  presently  eight  medical  centers  in  the  US  doing 
bone  marrow  transplants  and  could  provide  "heroic"  care.  It 
should  be  noted  that  medical  care  for  those  irradiated  indivi- 
duals that  have  a chance  for  survival  with  quality  medical  care 
need  not  start  for  5 to  20  days  after  their  exposure.  The 
details  of  treatment  for  radiation  injury  and  bone  marrow  trans- 
plantation are  found  elsewhere  (e.g.,  Refs.  5.35  5.36  and  5.37). 

The  reactor  safety  study  recommendations  (Ref.  5.35)  for  lethal 
levels  under  the  three  levels  of  medical  care  are  as  shown  in 
Figure  5.4.  It  is  suggested  that  "supportive"  care  can  increase 
the  mean  lethal  dose  (LD5Q/60)  by  507.  and  "heroic”  care  by 
a factor  of  3.  Stromberg  (Ref.  5.21)  of  AFRRI  also  suggests  that 
' supportive"  or  "nerorc"  medical  treatment  would  probably  increase 
the  LD 5q/£0  by  2 to  4 times.  Presumably,  the  I.D1Q  and  LD90 
values  would  be  similarly  affected. 

Partial  Body  Irradiation 

The  human  body  has  the  remarkable  ability  to  repair  injury 
and  to  recover  from  assault  by  external  agents.  The  hematopoietic 
(blood  forming)  system  is  no  exception.  If  the  marrow  stem 
cells  are  not  completely  destroyed  by  ionizing  radiation,  and  if 
infection  and  bacterial  invasion  is  controlled,  the  remaining 
stem  cells  can  repopulate  and  the  individual  recover.  Only 
some  167,  of  the  stem  cells  are  needed  to  supply  sufficient  blood 
cells.  Moreover,  stem  cells  in  one  portion  of  the  body  can 
repopulate  areas  in  other  portions  of  the  body  where  the  stem 
cells  were  irradiated. 

Inasmuch  as  the  blood  forming  marrow  is  distributed 
throughout  the  human  skeleton  (Ref.  5.38),  a partial-body  or  a 
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non-uni  fonr.  irradiation  that  left  significant  surviving  por- 
tions of  the  bone  marrow  would  not  likely  result  in  the  hemato- 
poietic syndrome  and  lethality.  Indeed,  dog  experiments  (Refs. 

5.12  and  5.13)  have  shown  that  the  increases  by  a factor 

of  7.1  for  partial-body  irradiation  above  the  xiphoid  process 
and  a factor  3.4  below.  The  unilateral  versus  bilateral  irra- 
diations (Ref.  5.13)  increased  the  mean-lethal  mid-line  dose 
by  207,  In  human  radiation  therapy  trials  (Ref.  5.14),  individuals 
have  been  irradiated  in  single  mid- line  doses  of  b00-1000  rads  to 
the  upper  body  (above  the  xiphoid  process  or  umbilicus)  with 
non-fatal  radiation  sickness  occurring  usually  within  one  hour. 
Irradiations  to  the  lower  half  body  with  the  same  doses  produce 
few  or  no  side  effects  associated  with  the  prodromal  syndrome. 

In  most  instances  the  two  irradiations  (upper  and  lower)  were 
separated  by  about  30  days . 

On  the  basis  of  the  above  expert uencs  and  human  radia- 
tion therapy,  we  conclude  that  the  unilateral  radiation  would 
require  1.25  times  the  dose  as  bilateral  (or  uniform) 

exposure. 

gy  comparison  of  the  onsets  of  prodromal  syndrome  in 
those  patients  subjected  to  half-body  irradiation  (Ref.  5 14)  with 
what  would  be  expected  in  whole-body  exposures,  we  can  obtain 
some  idea  of  the  magnitude  that  partial  body  shielding  might 
have  tor  induction  of  radiation  sickness  For  the  upper  body 
irradiations,  prompt  radiation  sickness  was  nearly  always  pre- 
sent; hence  the  1000  rads  (mid-line)  might  be  equivalent  to 
(174  rads  mid-line  for  whole-body)  or  5Dgg  (205  rads). 

This  would  mean  that  about  a factor  of  5 increase  in  dose  was 
required  for  approximately  the  same  severity  of  radiation 
sickness. 
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For  the  lower-body  Irradiations,  a similar  analysis 
attributes  the  lack  of  severe  radiation  sickness  to  a BD^q 
<120  rads  raid-lir.e  for  whole-body  or  perhaps  BD^q  (137  rads). 
The  gain  would  be  about  a factor  of  7.5 

The  factors  of  5 and  7.5  are  roughly  comparable  to  those 
observed  for  changes  in  the  LDjq's  for  the  partial  dog  irradia- 
tions, although  che  anatomy  is  quite  different  and  cannot  be 
used  as  a good  estimate  for  humans.  Our  best  estimates  of  the 
effect  of  partial-body  irradiation  for  radiation  sickness  are: 


Mean-Burdening  Doses 

m0i 

Mid-line  (rads) 

Exposure  (.Roentgens) ^ 
Tissue  kerma^  (rads) 


700  i 250 
1075  ± 400 
1025  i 350 


Lower  Body 

1000  i 300 
1525  i 450 
1450  i 450 


•'Not  appropriate  for  neutrons  or  mixed  neutron-gamma 
field.  See  Section  5.2.2. 

For  lethality,  very  little  information  orher  than  the  partial 
dog  work  is  known.  Moreover,  the  partial  body  therapeutic  irradia- 
tions of  1000  rads  (Ref.  5.14)  arc  obviously  not  lethal.  Hence, 
with  the  lack  of  any  further  information,  we  assume  the  factors  of 
5 and  7.S  for  radiation  sickness  are  similar  for  lethality  with 
large  uncertainties.  Our  best  estimates  for  lethality  are. 


Mean-Lethal  Doses 

&550/6o2 

Mid-line  (rads's 
Exposure  (Roentgens) ^ 


Upper  Bodv 


Lower  Bodv 


Tissue  kerma''  ' (rods)  2200  3200  < 130(1 

(A) 

v Not  appropriate  for  neutrons  or  mixed  neutron-gamma 
field  See  Section  522 

Obviously,  irradiat’ 'ns  over  less  than  half-body  vouiu  result  m 
doses  considerably  higher  chan  these  figures,  and  irr  diat> 
greater  than  half-body  vu.d  he  .loser  t.  those  for  wl.  -ie 
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What  interpolation  or  extrapolation  techniques  should  be  used 
for  these  intermediate  values  are  unknown. 

Fractionation  and  Time  Dependence 

For  cases  where  individuals  receive  multiple  irradiations 
separated  by  periods  of  time,  the  radiation  effects  are  not 
completely  additive.  The  human  body  has  the  ability  to  initi- 
ate repairs  in  periods  of  less  than  a day.  The  Ellis  formu- 
lation (Ref.  5.39)  of  normal  tissue  response  to  fractionated 
radiation  is  well  founded  in  human  therapy  trials: 

ED  » NSD  F0'24  T0,U 

where  ED  is  the  total  dose  given  in  F fractions  over  T days 
requited  to  produce  the  same  biological  effect  as  the  nominal 
sir.gla  dose  (NSD; . The  validity  of  this  formulation  for  le- 
chalicy  is  unknown  but  is  not  significantly  different  from  formu- 
lations for  the  effectiveness  of  piotracted  continuous  irra- 
diations. For  two  equal  doses  separated  by  various  periods 
the  nominal  single  dose  (USD)  is  plotted  in  Figure  5.5. 

Special  Populations 

In  most  species,  females  are  slightly  more  radio-resis- 
tant chan  males.  Nc  quantification  of  this  effect  is  avail- 
able. However,  it  is  known  that  in  utero  irradiation  of  a 
fetus  has  varying  sensitivity  '-hroughout  the  period  of  gesta- 
cicn  (see  e.g.  Refs.  5.3A,  5.35,  5. AO  and  5.A1).  Western 
European  and  U.S.  birth  races  are  such  that  now  only  a little 
more  than  27.  of  the  female  population  is  pregnant  at  any  given 


For  the  first  trimester  of  the  pregnancy  lethal  doses 
to  the  fetus  are  quite  low.  The  LDq^  and  LD^  as  reconcnended 
bv  the  Reactor  Safety  Study  (Pef.  5.35)  are  plotted  in  Figure 
5.6  Although  the  dose  of  J.D5J  is  quite  low  shortly  after 
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conception,  operational  reality  asks  the  question:  ''Who  would 
even  know  if  a uay-oid  fetus  was  killed?"  On  the  other  hand, 
abnormalities  and  deformaties  induced  by  radiation  in  feiuses 
that  come  to  full-term  will  be  readily  apparent — not  apparent 
will  be  genetic  effect*,  increased  mortality  during  the  first 
year  of  life  (Ref,  5.41),  enhanced  susceptibility  to  cancer, 
etc. 

During  organogenesis  (3r-*  to  6th  week  of  pregnancy)  gross 
abnormal i ties  of  the  human  fetus  can  be  produced  by  small  radi- 
ation levels.  Indeed,  discussions  regarding  tht rapeutic  abor- 
tions following  exposures  as  little  as  10  R have  been  made 
(Ref.  5.34).  Quantitatively,  reduced  head  size  has  been  studies, 
for  Hiroshima  and  Nagasaki  survivors  irradiated  in  utero  in  the 
first  17  weeks  of  pregnancy  (Ref.  5.42).  The  mean  dose  for  c0'i 
probability  of  reduced  head  size  was  about  150  rads,  and  107. 
probabi'ity  was  between  10  and  20  rads.  We  thus  assign  to  Che 
production  of  non- fatal  abnormalities  the  following  in  utero 
irradiation  levels: 


Midline 

(rads) 

15  ™ 

Exposure^ 

(Roentgens) 

Tissue  Kerms(a) 
(rads) 

ED10 

25  Z}5 

20 

ED50 

150  t 25 

230  4 40 

220  i 35 

EDvo 

290  : 75 

450  1 115 

425  1 110. 

' 'Not  appropriate  for  neutrons  or  mixed  neur.ron- 
gtmma  fields.  See  Section  5.2.2. 
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Radio-sensitivicy  is  nigher  in  young  and  old  mammals  than 
in  full  adulthood  (Ref.  5.34).  This  effect  is  thought  to  be 
present  in  man  (Ref  5.43)  but  unverified  by  experimental  data. 
Tb-  k&5o'3o  *-n  '"ice  (Ref.  5.43)  is  about  25%  less  far  ys-ung 
and  old  than  for  full  adults.  The  ^-®5q/ 30  ^or  y°un5  rats  is 
about  7C*i  less  end  for  old  rats  about  307.  less  than  for  full 
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adults  (Rei.  5.24).  Extrapolation  of  snail  animal  data  to  man 
is  very  tisky.  but  some  special  consideration  must  be  given  to 
the  children  and  aged  of  a civilian  population. 
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The  plors  of  the  rat  and  mice  lethalicy  data  versus 
effective  human  age  are  dotted  in  Figure  5.7.  Our  estimates 
for  man  are  chosen  to  follow  the  general  trend  of  the  small- 
animal  data.  The  distribution  is  for  an  entire  population.  In 
any  given  location  it  will  be  different;  and,  in  a period  of 
crisis,  it  is  very  likely  to  be  different.  Moreover,  changes 
in  birth  rates  in  the  U.S.  and  Western  Europe  will  modify  this 
age  distribution  in  the  future. 

There  are  wide-ranging  differences  in  LD^q  between  var- 
ious species  (contributing  to  che  difficulty  of  extrapolating 
animal  results  to  man),  but  there  are  even  significant  dif- 
ferences in  radiation  sensitivity  between  strains  of  the  same 
species  (Ref.  5.34).  LD^q  differences  (Ref  5.44)  in  6 
strains  of  mice  give  a standard  deviation  of  /%  and  maximum 
deviation  from  the  average  of  13%.  We  have  no  way  of  relating 
this  to  human  radiobiology  but  will  assume  that  these  dif- 
ferences are  contained  within  the  uncertainties  of  the 
LDj0/6q's  developed  earlier. 

Other  Modifying  Factors 


Health  status,  diet,  endocrine  status,  fatigue  and 
lowered  Temperature  are  factors  (Ref.  5.34)  that  affect  the 
value  of  LDjq,  but  the  effects  for  man  are  unknown.  Even  for 
animal  studies,  there  are  very  little  data  available.  Hence, 
we  will  not  at  this  time  attempt  tc  apply  such  data  to  man 
There  are.  however,  two  effects  that  require  some  discussion  — 
reduced  oxygen  and  chemical  agents. 


dependence  of  radiation  lethality. 


Ic  is  well  known  that  reduced  oxygen  decreases  radiation 
sensitivity  (see  e.g.,  Refs.  5.3  and  5.34)  and  that  the  oxygen 
effect  is  LET  dependent;-  i.e.,  high  LET  radiations  show  less 
dependence  upon  oxygen  tension.  A decrease  of  oxygen  pressures 
at  25c4  of  the  normal  pressure  results  in  an  increase  in  LDjn  for 
animals  by  a factor  of  two.  This  reduced  pressure  would  corres- 
pond to  an  altitude  of  about  34,000  feet.  Humans  are  not  nor- 
mally subjected  to  this  amount  of  oxygen  reduction.  The  func- 
tional dependence  of  the  LDjq  on  oxygen  pressure  is  unknown;  but 
presumably  the  effect  on  mountain  climbers,  pilots  and  others  at 
high  elevations  will  probably  be  less  than  30/1  (semi-log  inter- 
polation) . 

Chemical  protective  agents  have  been  studied  for  some 
time  (e.g..  Refs.  5.3,  5.9,  5.34  and  5.45).  hose  reduction 
factors  DRF  (defined  as  the  ratio  of  the  dose  to  produce  an 
effect  in  the  presence  of  the  compound  to  the  dose  required  to 
produce  the  same  effect  without  the  compound)  as  nigh  as  2.7 
have  been  noted  for  lethality  (Refs.  5.29,  5 46).  However, 
these  compounds  have  not  yet  been  approved  for  widespread  use 
due  to  their  high  toxicity.  Moreover,  at  this  point  in  time, 
it  is  not  reasonable  to  assume  that  a civilian  population  would 
be  provided  with  protective  agents  prior  to  any  irradiation. 

We  will  not  consider  this  protection  mechanism  further  at  this 
time  except  to  note  that  ethyl  alcohol  offers  some  protection 
from  radiation  (Ref.  5.34)  --  human  dose  for  significant  pro- 
tection would  be  about  1 liter  of  Vodka. 

5.2,5  Summary 

A summary  of  estimated  radiation  effects  on  men  and 


Table  5.2.  Summary  radiation  effects  on  man. 

(tissue  kerma,  free-in-air , rads) 
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to  tissue  kcraa.  See  Section  5.2.2. 


5.3  THERMAL  RADIATION 


5.3.1  Introduction 


The  following  discussion  of  the  human  response  to  ther- 
mal radiation  from  nuclear  weapons  is  based  in  part  on  the  work 
and  recommendations  of  a number  of  groups  including  the  Naval 
Material  Lab  (Brooklyn) , the  Naval  Surface  Weapons  Center 
(White  Oak),  the  Army  Nuclear  and  Chemical  Agency  (ANCA)  and  the 
Lovelace  Foundation  for  Medical  Education  and  Research  as  well 
as  SAI.  This  discussion  will  be  limited  to  consideration  of  the 
factors  pertinent  to  collateral  damage  estimates  (viz.,  civilians) 
and  hence,  will  not  address  such  topics  as  incapacitation.  Effects 
of  military  interest  are  being  considered  in  differing  contexts 
by  other  appropriate  groups  (e.g.,  ANCA). 

We  are  limiting  this  discussion  to  acute  effects  over  a 
relatively  short  time  (1  60  days).  Long-term  disabilities  and 
treatment  (skin  grafts,  etc.)  extending  over  years  are  equally 
important  in  order  to  consider  the  entire  collateral  damage 
picture,  but  analyses  of  these  will  need  to  be  developed  in 
detail  at  a later  time.  Moreover,  in  this  section  we  shall 
only  consider  Che  thermal  radiation  effects  from  weapons  re- 
sulting from  flash  burns  or  burns  through  clothing;  burns 
caused  by  fires  ignited  by  the  nuclear  weapon  were  discussed 
in  Section  4.3. 

The  relative  importance  of  thermal  radiation  in  the  pro- 
duction of  nuclear  casualties  has  been  determined  by  analysis 
of  the  Hiroshima  and  Nagasaki  Japanese  casualties.  For  these 
particular  cases  (12.5  KT  and  22  KT) , the  following  distribu- 
tion of  casualties  was  noted  (Ref.  5.47): 


Burned 

Not  burned  but  wich  other  injuries 


427. 

587. 


1 

t 


Mortality  in  burned  patients  19%  f 

'i 

Mortality  in  unbumed  patients  6%.  f 

However,  there  are  considerable  uncertainties  in  the  production  j 

of  casualties  by  thermal  radiation  from  nuclear  weapons.  These 
will  be  discussed  below.  The  latitude  of  variations  due  to 
shielding,  clothing,  etc.  is  such  that  the  military  does  not 
use  thermal  criteria  for  nuclear  weapons  employment  considera- 
tions and  considers  thermal  casualties  to  be  a "bonus  effect” 

(Refs.  5.48,  5.49).  Respecting  the  difficulties  in  predicting 
thermal  casualties,  we  shall  strive  to  document  estimates  of 
the  primary  effects  and  modifying  factors,  along  with  estimates 
of  their  principal  uncertainties,  in  order  to  provide  bracket- 
ing values  for  collateral  damage  predictions. 


5-3.2  Basic  Considerations 

For  the  purposes  of  this  report,  a bum  is  defined  as 
the  irritation,  injury,  or  destruction  caused  to  tissue  by  ex- 
posure to  excessive  heat.  In  this  case,  the  thermal  energy 
component  (20  to  407.  of  the  total  energy  release)  of  the  nuclear 
weapon  causes  either  direct  flash  burns  or  contact  burns  due  to 
heated/burning  clothing.  All  effects  discussed  here  are  assumed 
to  be  independent  of  type  of  weapon,  fusion  or  fission. 
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Burn  severity  is  classified  as  first  degree  (1°) , char- 
acterized by  immediate  pain  but  reversible  tissue  injury 
similar  to  sunburn,  second  degree  (2°),  characterized  by  pain 
with  damage  to  only  part  of  the  skin  thickness,  thus  allowing 
for  scab  formation  and  eventual  full  tissue  regeneration;,  third 
degree  (3°),  characterized  by  irreversible  full- thickness  skin 
damage,  no  pain  except  at  the  periphery  due  to  damage  of 
the  nerve  endings , and  requiring  skin  grafts  or  resulting  in 
scarring;  and,  sometimes  considered,  fourth  degree  (4°), 
characterized  by  "charring”. 

Bums  from  nuclear  weapons  are  either  "flash  burns" 
resulting  from  the  direct  interaction  of  the  weapon's  thermal 
energy  with  the  skin's  surface  (or  transmission  through  light 
clothing)  or  "flame"  (or  "contact")  burns  resulting  from  heat 
transfer  through  clothing,  burning  clothing  or  contact  with 
burning  materials.  The  flame  burns  are  identical  to  those  from 
industrial  or  domestic  accidents.  On  the  other  hand,  flash 
bums  are  very  rare  in  accident  cases . They  are  characterized 
by  the  quick  rise  of  skin  temperature  and  some  transmission 
(skin  is  transparent  to  some  wave  lengths)  before  absorption, 
usually  resulting  in  less  damage  at  depth.  The  injured  sur- 
face layers  of  the  skin  remain  more  intact  than  those  from  flame 
burns,  which  results  in  less  susceptibility  to  infection  (Ref. 
5.50).  Tne  treatment  is  similar  to  other  common  thermal 
bums  (Ref.  5.51)  and  possibly  less  fatal  (Ref.  5.52).  Ex- 
perience in  Hiroshima  and  Nagasaki  give  the  following  relative 
amounts  of  flash  and  flame  burns  among  the  20-day  survivors 
(Ref.  5.47): 

Flash  Burn  Flame  Bum  Both 

Hiroshima  82.97.  1.97.  14.97. 

Nagasaki  90.97.  3.47,  5.77,  . 
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The  flame  burns  tended  to  cover  a larger  area  than  the  flash 
burns  (Ref.  5.51). 

533  Exposure 

The  extent  and  severity  of  flash  burns  depends  directly 
on  the  total  amount  of  the  thermal  radiation  actually  received 
or  transmitted  to  the  skin,  its  duration  and,  to  some  extent, 
its  frequency  spectrum  The  time-integrated  irradiance,  Q 
2 

(expressed  in  cal/ctr.  ) , is  the  radiant  exposure  energy  per  unit 
area. 

For  the  purposes  of  this  study,  a cumulative  lognormal 
distribution  is  most  appropriate  for  the  severity  versus  thermal 
energy  relationship;  some  of  the  properties  of  this  distribution 
are  found  elsewhere  (Ref.  5.16).  We  shall  be  deriving  Q,.q  (the 
integrated  irradiance  for  a 50%  probability  of  a particular 
degree  burn  under  a determined  set  of  circumstances)  as  well  as 
mean-burdening  (BD5Q)  and  mean-lethality  (LD^g)  values  of  Q. 

An  upper  limit  of  the  variance  to  mean  ratio,  o/m,,  can  be  deter- 
mined by  analysis  of  the  bare  pig-skin  burn  threshold  measure- 
ments of  Henriques  and  Maxwell  (Ref.  5.53).  This  analysis  yields 
a o/m  < 0.3.  The  variance  of  laboratory  experiments  which,  up 
to  now.  have  been  deliberately  conducted  with  as  uniform  a 
sample  as  possible,  denotes  only  how  well  the  basic  energy  vs. 
burn  severity  relationship  is  known  and  does  not  reflect  real 
population  variances.  A a/m  for  an  "average  population"  may  be 
derived  for  burn  data  given  in  EM-1  (Ref,  5.16).  This  yields 
a value  of  0.4,  which  may  include  addtional  variations  beyond 
the  biological  response  (Ref.  5.54).  Analysis  of  the  Institute 
of  Nuclear  Studies  study  (Ref.  5.48),  which  intentionally  "safe- 
sided" the  data,  yielded  the  following  o/m  'alues:  1°,  0.4;  2°,  0.25, 
and  3°,  0.19.  For  exposed  skin  burns,  we  have  adopted  the  value 
0.3  for  o/m. 
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For  burns  under  clothing,  experimental  work  on  rats  by 
Derksen  and  de  Lhery  (Refs.  5.5b,  5.56)  may  be  analyzed  to  give  a 
o/m  near  0.2  for  clothing  in  contact  with  the  skin  as  well  as 
separated  by  a gap  of  5 mm. 

Weapon  spectrum  differences  result  in  -viO  to  20%  dif- 
ferences in  values  of  Q for  the  same  biological  effect  (Ref. 
5.54).  Infrared  is  less  injurious  than  visible  (Refs.  5.57, 

5.58) .  Mean  levels  for  complete  transepidermal  burns  in  swine 
versus  spectrum  have  been  measured  by  Berkeley,  et  al.  (Ref. 

5.59) . 


Carbon  arc 

o 

Carbon  arc  + 2400  A cutoff 
(some  UV  + visible  + IR) 

Carbon  arc  + 3600  X cutoff 
(visible  + IR) 

o 

Carbon  arc  + 5200  A cutoff 
(part  visible  + IR) 

Carbon  arc  + 6<t00  X cutoff 
(mostly  IR) 


4.9  cal/cnr 
4. 5 cal/cm^ 


5.0  cal/cnr 


7.0  cal/cnr 


6.9  cal/cnr 


The  thermal  spectrum  at  a distance  from  a low-altitude 
nuclear  explosion  can  be  roughly  approximated  by  a black  body 
at  a temperature  of  6,000  to  7,000°K  (Ref.  5.60).  Its  maximum 
occurs  in  the  visible  spectrum.  Spectrum  differences  are  un- 
important at  low  altitudes.  High-altitude  explosions  are  richer 
in  ultraviolet  at  the  first  portion  of  the  thermal  pulse,  with 
a shift  to  mostly  infrared  in  the  long  tail  (Ref.  5.60).  A 
content  of  1-107.  ultraviolet  (greater  for  lower  yields  and  higher 
altitudes)  in  the  weapon  spectra  is  not  too  important  in  the 
production  of  flash  bums  (Ref.  5.6)).  Ultraviolet  is  also  read- 
ily attenuated  in  the  air  (Ref.  5.60). 
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Following  Derksen  (Ref.  5.54),  we  will  adopt  + 157.  in 
mean  values  of  Q arising  from  spectrum  differences. 

5.3.4  Effects 

The  traumatic  and  physiological  effects  of  human  burns 
are  becoming  well  understood  due  to  the  large  number  of  acci- 
dental bums  encountered  each  year.  Besides  the  degree  of  the 
bum,  the  principal  prognostic  factor  used  is  the  percentage  of 
the  total  skin  area  burned,  as  will  be  discussed  below.  However, 
the  experience  in  whole-body  flash  exposures  is  limited  to  the 
Hiroshima  and  Nagasaki  experiences.  The  resultant  fire  storm 
(Ref.  5.62)  complicated  the  flash  burn  analysis  (Ref.  5.47)  in 
Hiroshima.  There  is  a serious  discrepancy  in  the  thermal  levels 
at  Nagasaki;  the  Dikcwood  (Ref.  5.63)  analysis  gives  a yield  of 
12.6  KT  based  upon  burn  levels  versus  the  22  KT  derived  from  other 
yield  analyses.  Cloud  cover  could  ha'-e  attenuated  the  thermal 
radiation,  but  the  height  of  burst  was  supposedly  below  the  clouds 
(Ref.  5.63). 

Excellent  information  exists  on  the  Q required  to  pro- 
duce a specific  degree  of  flash  burn;  both  animal  and  human 
experiments  (small  area)  have  been  performed.  But  the  real 
difficulty  lies  in  determining  the  body  area  burned  by  the 
thermal  radiation  and  to  what  degree  it  is  burned.  The  con- 
trolled animal  and  human  experiments  use  normal  incidence  on 
bare  skin  and  clothed  skin  (both  contact  and  spaced) . Very 
little  area  of  a human  body  will  be  normal  to  incoming  thermal 
radiation,  so  that  a cosine  factor  must  be  used;  and  the  degree 
of  protection  by  clothing  (see  below)  is  highly  varied  over  the 
body  (multiple  layers  versus  single,,  contact  versus  spaced). 
Moreover,  instinctive  response  to  protect  oneself  from  the  pain 
assault  may  result  in  some  amelioration  of  the  burn  for  larger 
weapon  yields. 


In  summary,  there  is  considerable  uncertainty  in  the 
Japanese  casualty  experience  and  additional  uncertainties  in 
projecting  controlled  laboratory  experiments  to  field  con- 
ditions. 

The  various  factors  that  enter  into  the  determination  of 
the  mean  radiant  exposure  required  to  produce  a specific 
biological  effect  will  be  discussed  below  along  with  a qualifi- 
cation of  their  uncertainties. 

Bum  Severity 

The  thermal  energy  from  a nuclear  weapon  at  a distance 
in  the  lower  atmosphere  is  delivered  over  a period  of  time 
dependent  upon  yield.  The  time  to  maximum  intensity,  tmaj{, 
and  the  time  for  80%  of  the  integrated  pulse,  tgQ,  are  (Ref. 
5.60)  as  follows: 


Yield  (KT) 
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The  thermal  tail  beyond  the  80%  point  is  mostly  infrared  and 
hence  does  not  contribute  significantly  to  the  bum.  The  807. 
time  varies  by  two  orders  of  magnitude  with  yield.  At  the  higher 
yields  (longer  times),  the  absorbing  skin  has  time  to  dissipate  a 
considerable  amount  of  the  heat  deposited;  hence,  the  degree  of 

bum  is  yield  dependent. 

i 

l ! For  normal  incidence  on  medium-colored  exposed  skin  in 

! moderate  ambient  temperature,  the  following  (Refs.  5.53,  5.54) 
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are  the  (cal/cm  ) values  for  pain  and  various  degree  burns 
which  we  have  adopted  for  this  study: 
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The  errors  in  these  mean  Q's  are  on  the  order  of  20%  or  less; 
but  there  are  factors  (e.g.  ,,  clothing,,  skin  color,  external 
temperature,  non-norm  .1  incidence,  etc.)  that  considerably 
modify  these  nominal  values  as  discussed  below.  It  has  been 
found,  but  not  quantified,  that  the  area  of  the  burn  alters 
the  pain  and  1°  mean  values  (Ref.  5.64). 

Burn  Area 

The  prognosis  of  a thermal  injury  is  directly  related  to 

the  degree  of  burn  and  the  area  of  the  body  injured.  The  total 
2 

area  of  the  body  in  cm  is  approximately  equal  to  the  product  of 
71.84,  the  height  in  cm  and  the  weight  in  kg.  First  degree 
burns  are  not  medically  important,  but  there  is  a strong  cor- 
relation of  the  prognosis  of  the  thermal  injury  with  area  of 
second  and  third  degree  burns  (Ref  5.51).  A majority  of  the 
20-day  survivors  with  burns  in  Hiroshima  and  Nagasaki  had  burns 
covering  less  than  10%  of  the  body,  a considerable  number  had 
10  to  207.  burns  and  a few  had  more  than  407,  (Ref.  5.47).  By 
geometric  considerations,  flash  burns  cannot  cover  more  than 
507.  of  the  body,  indeed,  one-third  might  be  a reasonable  maximum 
(Ref.  5.51).  For  higher  yields  or  moderately  clothed  individuals, 
large  body  burns  are  not  probable  except  for  unconscious  persons 
(Ref.  5.54).  Bull  and  Fisher  (Ref.  5.65)  suggest  that  the  area 
of  partial  skin  injury  (i.e.,  2°  or  severe  1°)  be  weighted  by 
one-fourth  and  added  to  the  area  of  3°  burn. 


Hence,  ?»i  ail  cases,  bums  covering  large  areas  of  the 
body  will  generally  consist  of  a combination  of  both  2°  and  3° 
bums.  Xn  some  approximation  of  the  geometry  of  the  human  body, 
e.g.,  a cylinder  (Ref.  5.48),  it  is  necessary  to  determine  for 
a given  exposure  the  extent  (area)  of  both  2°  and  3°  burns, 
inasmuch  as  there  is  a difference  in  the  systemic  reaction 
depending  on  the  degree  of  the  burn. 

For  a log-normal  distribution  with  a a/m  of  0.3,  an  area 
correction  factor  that  gives  the  area  percentage  of  a specific 
degree  burn  for  this  assumed  geometry  versus  what  it  would  be 
for  totally  normal  incidence  as  a function  of  has 

been  developed  (Ref.  5.66). 


Area  factor 
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The  total  percentage  of  body  area  burned  to  3°  is  calculated  from 
the  3°  area  factor  times  0-5  (a  maximum  of  or.ly  507,  of  the  body 
surface  area  is  exposed  to  a burst) . This  must  be  subtracted 
from  the  area  burned  to  at  least  2°  to  obtain  the  zrea  burned 
to  2°.  which  is  then  weighted  by  orie-qusrtar. 


Injuries 

Burns  are  nnr,  of  the  most  highly  feared  injuries  due  to 
the  nearly  instantaneous  intense  pain  and  due  to  the  nearly 
universal  experience  by  everyone  to  bums  of  some  level.  Mere 
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quantification  of  burn  injuries  and  mortality  may  not  present 
the  entire  picture.  Success  in  bum  therapy  is  not  necessarily 
reflected  in  survival  statistics.  Hideous  deformities,  limiting 
contractures  and  scarred  personalities  may  not  reflect  well  in 
data  which  report  only  mortality.  Hence,  we  are  suggesting  that 
three  injury  levels  be  considered: 

• Threshold  burn  injury 

• Burdening  bum  injury 

• Lethal  burn  injury. 

Each  of  these  will  be  discussed  below. 

Threshold  Injury 

When  considering  civilian  casualties,  it  may  sometimes 
be  important  to  know  the  total  number  of  civilians  affected  in 
any  way  by  the  conflict.  Hence,  even  a threshold  injury  that 
does  not  require  hospitalization  or  aid  from  another  person  may 
be  politically  significant.  For  burns,  threshold  might  be  the 
induction  of  pain,  a 1°  bum,  or  a small  2°  bum  (that  can  be 
self-treated).  Figure  5.8  shows  the  differential  mixture  of 
burns  for  1 KT  versus  Q resulting  from  a probit  analysis  (o/m  « 
C.3)  of  bum  probabilities.  For  a Q of  2.5  cal/cm2,  at  1 KT, 
the  following  distribution  gives  an  injury  level  that  would  be 
indicative  of  an  injury  threshold  inasmuch  as  a 1°  bum  might 
not  always  be  recognized  as  an  injury. 


Integral 



100 

77 

6 


Differential 

(7.) 

27 

71 

6 


iliiL 


2 

Hence,  the  following  Q's  (cal/cm  ) are  recommended  as  mean 
threshold  injury  levels: 


Yield  (KT) 

0.01  0.1  1.0  10 

100 

1000 

10000 

Threshold 

2.4  2.4  2.5  2.9 

3.4 

3.9 

4.6 

InjuryQ 

(cal/cm^) 

Uncertainties  would  be  on  the  order  of  + 207,. 

Burdening  Injuries 

As  discussed  above  for  the  case  of  ionizing  radiation, 
a consideration  of  lethality  alone  lacks  completeness;  and  the 
consideration  of  specific  bum  levels,  although  readily  quanti- 
fiable, does  not  directly  establish  the  stress  placed  upon  the 
community,  particularly  if  casualties  are  produced  by  several 
different  weapon  effects  (which  produce  different  symptoms). 

The  difficulty  of  the  burdening  injury  concept  is  the  uncertainty 
in  arriving  at  meaningful  numerical  values  to  describe  it.  The 
Q required  to  produce  a burdening  injury  is  somewhat  above  the 
threshold  injury  and  is  obviously  below  lethality.  There  are 
several  pieces  of  information  that  shed  some  light  upon  what 
mean  radiance.  Q.  would  be  required  to  produce  a mean  burdening 
level . 

Mixter  (Ref.  5.6 7)  suggests  that  2°  or  » ’•  ’-'.s  of  body 

area  in  excess  of  107,  require  hospitalization  -rke.  et  ai. 

(Ref.  5.68)  suggests  that  no  hospitalization  io  recurved  and 
that  treatment  can  be  handled  on  an  outpatient  ba.  . . for  bums  of 
less  than  a 57,  area.  DNA  EM-1  (Ref.  5.16)  and  the  NeTO  handbook 
(Ref.  5.69)  both  suggest  hospitalization  for  2°  «nJ  v’  bums  of 
area  greater  than  20%.  But  the  NATO  Handbook  also  suggests 
hospitalization  for  bums  less  than  20%  if  the  hands,  feet, 
neck,  or  face  are  involved  (lips  and  eyelids  are  especially 


sensitive)  and  requiring  medical  care  for  severe  (1°)  burns.  These 
areas  could  be  as  low  as  5%  or  less.  Shock  resulting  from  bums 
is  not  important  (Ref.  5.51)  for  bums  of  less  than  107..  Shock 
is  almost  a certainty  for  2°  burns  exceeding  307.  area  and  3° 
bums  exceeding  25%  area  (Ref.  5.16).  Summarizing,  hospitaliza- 
t. . • is  probably  required  for  10  to  207.  area  bums  (2°  and  3°) . 
Outpatient  treatment  is  probably  required  for  5 to  10%  area 
bums  (2°  and  3°)  . The  following  are  estimates  of  bum  area 
percentage  and  probabilities  using  the  area  correction  factors 
given  above  and  the  probability  factors  given  in  Figure  5.8  for 
1 KT: 


Q 

2 

(cal/cm  ) 

Prob. 

O’.) 

2°  Bum 

Area 

(if  burned) 
(%) 

Prob. 

(7.) 

3°  Bum 

Area 

(if  burned) 
(7.) 
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7 

97 

32 

70 

24 

8 

99 

35 

84 

26 

9 

100 

37 

91 

29 

10 

100 

39 

96 

31 

meair  2°  level  (4  cal/cm^)  produces,  with 

about  50%.  prob- 

ability,  a bum  in  excess  of  207.  of  the  body  area;  hence,  we 
shall  adopt  this  value  as  the  burdening  level  requiring 
hospitalization. 

Of  course,  other  factors  enter  into  the  burdening  level 
determination;  outpatient  care,  injury  of  sensitive/critical 
areas  (e.g. , extremities  and  head),  protection  by  clothing,  etc. 
The  first  two  would  require  lower  levels  of  Q;  the  last  requires 
higher  values  of  Q.  It  would  be  extremely  difficult  to 
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incorporate  these  opposing  factors  into  an  analysis;'  hence,  we 

will  assign  507.  errors  to  the  mean  burdening  levels.  At  the 

o 

lower  end  of  the  range  (2  cal/cm“  for  1 KT) , this  would  be  at 

the  threshold  for  2°  bums , with  a 50%  probability  of  1°  burns 

and  nearly  a 100%  probability  of  pain.  At  the  higher  end  of 
o 

the  range  (6  cal/cnf  for  1 KT) , this  would  be  near  the  50% 
probability  of  3°  bums.  In  summary,  the  mean  burdening  levels 
ir.  cal/cra  for  lightly  dressed  individuals  would  be  (Ref.  5.70) 

Yield  (KT)  0.01  0.1  1.0  10-0  100  1000  10000 

B0S0  3.8  3.8  4.0  4.6  5.2  6.1  7.0 

(cal/cnr) 

with  uncertainties  of  +50%  and  the  qualification  that  no  evasive 
action  (see  below)  is  taken  for  the  higher  yields.  As  a check, 

ENW  (Ref.  5.60)  indicates  that,  for  Hiroshima,  "some"  burns  re- 
quired treatment  as  far  out  as  12.000  to  14,000  feet  from 
ground  zero.  The  radiant  exposure  there  was  on  the  order  of 
2 

2 cal/cm  , which  would  be  near  the  1%.  burdening  level. 

In  conjunction  with  burdening,  some  healing  and  hos-  > 

pitalization  times  have  been  analyzed.  Butterfield,  et  al.,  j 

(Ref.  5.71)  reported  the  following  empirical  relationship  for  j 

flash  burns : I 

2 I 

healing  time  (days)  » 0.92  Q + 1.26  Q - 4.26 

for  2 < Q < 6 cal/cm^  ; 

! 

2 

whero  Q is  the  exposure  in  cai/cm  . 

White  (Ref.  5.72)  reported  the  following  healing  times  for 
flash  bums: 

1°  8 days 

2°  (uninfected)  8-15  days 

2°  (infected)  up  to  42  days 


<**•11 


(uninfected,  small  bums) 


20-30  days 


(larger  bums  with  scar  formation)  20-42  days 


(skin  grafting) 


"many  months". 


Bitke,  et  al.,  (Ref.  5.68)  reported  the  following  average 
hospitalization  times: 


Survivors 

Only 


Group  III  (>307.  1°  and  2°  or  >157.  3°)  130  days 

Group  II  (15-307.  1°  and  2°  or  5- 15%  3°)  113  days 


All 

Patients 
73  days 
90  days 


Group  I (<157.  lu  and  1 or  <57.  3 ) 


"substantially 

shorter" 


Blocker  (Ref.  5.73)  reports  the  following  approximate 
hospitalization  times : 


Body  Area  Hospitalization  Time 


<207.  6 weeks 

20-507.  9-10  weeks 

>507.  12-14  weeks 

(under  most  favorable  conditions). 

Second  degree  bums  heal  about  twice  as  fast  as  third  degree 
bums  unless  the  lower  extremities  are  involved. 

Lethal  Injuries 


Several  studies  have  been  made  of  the  mortality  of  flame 
bums  versus  area  of  the  body  burned.  As  noted  earlier,  Bull 
and  Fisher  (Ref.  5.65)  suggest  that  the  area  of  severe  1°  bums 
plus  all  2°  burns  be  weighted  by  one-quarter  and  added  to  the  area 
of  the  3°  burns  in  order  to  estimate  prognosis.  Schwartz,  et  al., 
(Ref.  5.74)  suggest  that  about  507.  of  the  area  of  2°  bums  be 
added  to  the  area  of  3°  burns.  The  probit  analyses  of  Bull 
and  Fisher  (Ref.  5.65)  [confirmed  by  Bitke,  et  al.,  (Ref.  5.68)] 
in  Figure  5.9  and  those  of  Lynch  (Ref.  5.75)  (see  Table  5.3)  have 
shown  that  age  is  a highly  significant  factor  in  bum  mortality, 
with  the  elderly  being  much  more  vulnerable  and  some  indication 
that  the  very  young  might  also  be  more  vulnerable. 


, 


Body  Area  Burned  (%) 
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Figure  5. 


. Mortality  probability  versus  body  area 
burned . 
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Even  if  the  age  variation  is  factored  out,  use  of  these 
flame  burn  mortality  probit  analyses  to  predict  nuclear  weapon 
flash  burn  lethality  has  real  difficulties.  Except  for  the  aged, 
mean  lethality  as  detailed  for  the  flame  bum  data  requires 
about  457.  body  burn;  however,  only  a maximum  of  50%  of  the  body 
can  be  flash  burned  by  a nuclear  weapon  unless  there  are  bums 
from  ignited  clothing.  In  the  cylindrical  approximation,  a 
457.  bum  would  require  a Q five  times  Qjq,  e.g.,  about  20  cai/cm2 
for  low  yields.  Unfortunately,  at  this  level,  the  percent  area 
is  a nearly  non-invertable  function  of  Q,  i.e.: 


Q 2 

Bum  Area 

(cal/cnr) 

(2°  and  3°) 

4 

227. 

8 

357. 

12 

427. 

16 

447. 

20 

457. 

very  large 

-v507.  . 

Hence,  a shift  of  a few  percent  in  mean-lethal  burn  area  will 
result  in  considerable  shift  in  Q 

An  alternative  methodology  is  to  look  at  the  experience 
from  Hiroshima  and  Nagasaki  and  to  consider  previous  estimates 
of  mean- lethal  Q's.  ENW  (Ref.  5.60)  reports  that  flash  bums 

were  fatal  to  "nearly  all"  persons  in  the  open  at  Hiroshima  out 

2 

to  6,000  feet;  this  would  correspond  to  about  9.5  cal/cra  . 
Moreover,  they  estimate  that  20  to  307,  of  all  fatalities  in 
Hiroshima  and  Nagasaki  were  caused  by  flash  bums.  Estimates 
have  been  made  by  White,  (Refs.  5.76,  5.77) , ANCA  (Ref.  5.49) 
and  Fricke  (Ref.  5.70)  as  shown  in  Table  5.4.  The  log-log  extra- 
polation by  ANCA  to  lower  yields  is  probably  incorrect  due  to 
the  lack  of  yield  dependence  for  the  shorter  thermal  pulses 
(see  Bum  Severity,  Section  5.3.4). 
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We  will  adopt  recommendations  of  Fricke  (Ref.  5.70) 
which  were  based  in  part  on  the  data  of  White  [Refs.  5.76,, 
5.77)]  with  estimated  uncertainties  of  +50%: 


Yield  (KT)  0.01  0.1  1.0 

LI>50  7.8  7.8  8.0 

(cal/cm^) . 


1000  10000 
14‘  18 


The  a/m  from  White's  data  is  approximately  0.3,  which  is 
identical  to  that  for  the  induction  of  the  various  degrees  of 
burns . 

If  we  compare  these  thermal  exposure  lethal  levels  with 

2 

the  burn  area  lethality,  we  find  for  1 KT  (8  cal/cm  ) : 

1007.  probability  of  pain 

100%  probability  of  1°  bum  covering  45%  of  body 
99%  probability  of  2°  bum  covering  35%  of  body 
84%  probability  of  3°  bum  covering  28%  of  body  . 

(Note:  the  percentage  of  body  areas  turned  are  not  independent) 

The  total  bum  (1°  + 2°  + 3°)  area  is  near  the  mean-lethal 
levels  observed  in  flame  burn  cases  (Figure  5.9  and  Table  5.3) 
but  the  areas  of  the  less  severe  bums  (1°  and  2°)  are  not 
handled  as  recommended  by  Bull  and  Fisher  (Ref.  5.65): 

Special  Anatomical  Bum  Injuries 

Some  consideration  must  be  given  to  burns  on  specific 
anatomic  sites.  Experience  at  Hiroshima  and  Nagasaki  showed 
the  following  for  the  20-day  burned  survivors  (Ref.  5.47): 

987.  involved  head  and/or  limbs 

877.  involved  limbs 

97.  confined  to  face  and  neck. 
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The  high  percentage  of  injuries  on  the  head  and  extremities  is 
due  to  their  being  unprotected  by  clothing  (see  below).  Lips 
and  eyelids  are  especially  sensitive  to  bums,  1°  burns  at  these 
sites  usually  require  treatment. 

Unexpectedly,  few  permanent  eye  burns  were  noted  at 
Hiroshima  and  Nagasaki  (Refs.  5.47,  5.62).  Although  there  were 
a number  of  cases  of  temporary  partial  or  total  blindness,  there 
was  only  one  case  of  retinal  injury  (Ref.  5.60).  This  is  be- 
cause che  chances  of  looking  directly  at  the  fire-ball  are 
small,  especially  for  low-yield  weapons  and  the  larger  ranges. 

For  high-yield  weapons  (longer  thermal  pulse)  ,,  the  blink  response 
(M).2  sec)  will  also  limit  the  amount  of  energy  deposited  on 
retina  (Ref.  5.16). 

Modifying  Factors 

There  are  a considerable  number  of  factors  that  modify 
the  estimates  for  LD5q  and  BD^q  for  "normal  man"  and  many 
cases  for  which  che  specific  values  do  not  apply.  In  this 
section,  we  shall  address  a number  of  these  factors  but  mostly 
as  they  relate  to  induction  of  specific  degrees  of  burns.  We 
have  not  thus  far  been  able  to  develop  quantitative  factors 
that  would  modify  lethality  and  burdening  levels  and,  for  the 
time  being,  can  only  assume  they  are  of  the  same  magnitude  as 
those  for  burn  induction.  These  will  be  multiplicative  factors 
that  modify  the  Q for  the  "nominal"  situation. 

Warning  and  Evasion 

If  the  civilian  population  is  given  sufficient  prior 
warning  along  with  proper  training,  there  should  be  few 
casualties  due  to  thermal  effects  from  open  exposure;  i.e., 
shelter  of  some  sort  could  be  obtained  by  each  person.  Hence, 
in  these  cases,  the  specific  shelter  categories  should  be  used. 
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However,  for  a very  short  prior  warning  (<<1  min),  alert, 
exposed  civilians  (with  considerable  civil  defense  indoctrina- 
tion) should  be  able  to  take  a prone  position  with  hands  and 
face  (the  only  exposed  skin  surfaces)  covered.  Hence,  in  the 
most  optimistic  case,  it  can  be  assumed  that,  for  a short  prior 
warning,  no  skin  will  be  openly  exposed,  but  that  the  personnel 
will  still  be  subject  to  burns  through  their  clothing.  For 
larger  yields  (>100  KT> , it  is  possible  for  individuals  to 
evade  a portion  of  the  thermal  pulse  instinctively  or  on  the 
basis  of  prior  training.  Such  evasion  may  consist  of  dropping 
to  a prone  position  and  protecting  any  exposed  skin  surfaces 
(hands  and  face).  The  analysis  of  Lagerin,  et  al. , (Ref.  5.78) 
suggests  a 0.75-second  evasion  time  for  trained  troops,;  which 
may  or  may  not  be  appropriate  for  civilians.  Without  proper 
training,  there  is  still  an  instinctive  reaction  (v0.5  sec) 

(Ref.  5.5d)  to  evade  the  thermal  pulse  which  produces  immediate 
pain.  Similarly  Langerin.  et  al . , (Ref.  5.78)  suggest  a value 
of  3.0  seconds  for  instinctive  evasion.  However,  the  effects 
of  no  evasion  are  also  to  be  considered  3ince,,  no  matter  how 
much  training,  some  civilians  will  r.ot  properly  evade  the  thermal 
pulse.  Following  the  experimental  work  (Fef.  5.79)  and  analysis 
(Ref.  5.80)  of  Derkson . et  al  , time-dependent  factors  modifying 
Q50  were  derived  (Ref.  5. 06)  to  account  for  evasion;  these  are 
given  in  Table  5.5.  Thus,  as  an  example  for  a 1-MI  weapon,  if 
protection/shelter  is  obtained  within  1 second,  it  would  re- 
quire a thermal  intensity  2.2  times  greater  than  if  no  pro- 
tection were  obtained  to  produce  the  same  injury  level.  For 
purposes  of  estimating  civilian  casualties  we  suggest  that 
the  following  times  for  individuals  exposed  in  the  open  might 
be  appropriate; 


w 
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Protecting  of  exposed  skin  (some 
education  required): 


Able  to  obtain  shelter  (where  available).  3 ■»  30  sec 

0.75  -»  5 sec 

0.5  5 sec 

hours 


Reactive  pain  avoidance  (exposing 
larger  area  to  less  thermal  energy): 


Unable  to  respond  (very  young,  aged, 
crippled,  etc.)-  30  sec 


These  Limes  could  be  combined  e ith  the  yield  to  produce  pro- 
tection factors  as  given  in  Tal  le  5.5.  Considerable  analysis 
needs  to  be  done  ir.  this  area,  especially  on  the  effects  of 
an  active  civil  defense  progran. 


Clothing 

Under  most  circumstances,  clothing  plays  a significant 
role  in  the  protection/prev  .ntion  of  burns  (except  while 
swimming,  at  nudist  camps,  etc.).  Large-area  burns  which  con- 
tribute directly  to  letha* icy  must  be  produced  under  clothing 
by  either  of  two  mechani  cs 


Transmission  - usually  by  heat  conduction  or 
the  generation  of  hot  volatile  products, 
although  for  very  light  (weight  and  color) 
clothing,  some  direct  transmission  is  possible 

Ignition  of  the  clothing  resulting  in  burns 
caused  oy  flames  and  hot  volatiles. 


Several  factors  contribute  to  the  extent  that  clothing 
protects  r'.e  underlying  skin  from  flash  burns  These  include: 

Fabric  material 
Fabric  color 
Fabric  weight 

Number  of  layers  of  fabric 
Spacing  of  the  fabric  from  the  skin. 


t I 


Some  analysis  of  these  factors  has  been  done  for  fabrics  nor- 
mally found  in  military  uniforms.  The  greatest  differences 

are  exhibited  by  summer  versus  winter  uniforms.  A particular 

2 

summer  (hot-wet)  uniform  (cotton,  poplin,  shade  116,  5 oz/yd 

2 

plus  bleached  cotton  sheeting,  4 oz/yd  ) has  been  studied  for 
contact  with  the  skin  (Ref.  5.55)  and  separated  from  the  skin 
by  5 mm  (Ref.  5.56).  A protective  factor  of  vlO%  was  found 
when  the  uniform  was  in  contact  and  a factor  of  vl00%  when 
separated.  Without  a detailed  analysis  of  the  average  separa- 
tion distance  of  the  uniform  from  the  skin  and  consideration 
of  the  multiple  layers  of  fabric  at  the  yoke,  collar,  pockets, 
buttoned  areas,  seams,  etc.,  we  have  assumed  a protective 
factor  of  1.5  0.5  with  a o/m  of  0.2.  Certain  other  fabrics, 

because  of  the  emission  of  volatile  products,  make  the  effects 
worse  than  for  unprotected  skin  (Ref.  5.81),  whereas  smoke  from 
some  fabrics  can  form  a protective  barrier  (Ref.  5.54  from  the 
remainder  of  the  thermal  pulse. 

Winter  clothing  offers  considerably  more  protection. 
Experiments  by  Wilson  and  Drew  (Ref.  5.81)  showed  that  21  cal/ 
cm'  delivered  over  1 second  (vlOO  KT)  to  a human  volunteer  in 

contact  with  a winter  uniform  equivalent  (wool-filled  serge, 

2 

10.8  oz/yd  , RCAF  blue  colour;  cotton  rayon  twill,  3.5  oz/yd'; 
cotton  broadcloth,  3.4  oz,  knitted  cotton)  produced  only  slight 
erythema  even  though  the  outer  two  fabrics  were  destroyed. 
However,  multi-layer  uniforms  exhibit  a complex  behavior  versus 
Q due  to  burning  and  falling  away  of  the  individual  outer 
layers  (Ref.  5.54).  Moreover,  it  takes  5 to  30  seconds  for  the 
heat  to  transfer  through  the  clothing  (Ref.  5.54),  thus  allow- 
ing time  for  removal.  We  estimate  and  adopt  a single  protective 
factor  of  10  + 5 for  transfer  through  winter  clothing  with  a 
o/m  of  0.2 


The  second  mechanism  for  burns  under  clothing  is  due  to 
the  ignition  and  burning  of  the  faDric.  Although  there  were 
few  clothing  fires  noted  in  Hiroshima  and  Nagasaki  (Ref.  5.62), 
those  that  did  occur  covered  larger  body  areas  than  flash 
burns  (>30-607.).  The  picture  here  is  extremely  complicated  by 
the  following  factors: 


Various  ignition  thresholds  depending  on 
fabric  characteristics  (e.g.,  material, 
color,  etc.) 


Higher  thresholds  for  the  support  of 
combustion 


Some  fabrics  unable  to  support  non- 
externally  aided  combustion 


The  falling  away  from  the  body  of 
burned  fabric 


The  deleterious  effects  of  the  de- 
composition products  of  the  burning 
fabric  including  hot  volatile  products, 
and  hot  sticky  residues  (e.g.,  nylon) 

Moisture  content  of  the  fabric 


Flame  spread  analysis 


Heat  transfer  (5-30  seconds)  allowing 
time  for  extinguishing  or  removal. 


Data  for  sustained  ignition  thresholds  for  four  fabrics 
(assumed  to  be  Q^fl)  derived  from  URS  data  (Ref.  5.82)  are  shown 
in  Figure  5.10,  along  with  the  measurements  of  Derksen  and  de  Lhery 
(Refs  5.55,  5.56)  for  the  summer  uniform,  ENW's  value  (Ref.  5.60)  for 
3 oz  cotton  khaki,  and  sene  theoretical  values  for  12  oz/vd  cotton 
khaki  derived  by  E.  H.  Smith  and  Company  (Ref.  5.83).  In  the 
absence  of  a more  detailed  study,  we  have  assumed  the  follow- 
ing Q^q's,  with  a a/m  of  0.3  for  clothing  ignition. 


Yield  (KT) 


Q5Q(cal/cm‘)  8.8 


Estimated  uncertainties  are  +50%. 


K 


Shelter 

Virtually  any  solid  shelter  provides  complete  pro- 
tection from  flash  burns.  However,  there  are  some  special 
cases  that  can  produce  burns  within  a shelter: 

• Hot  dust-laden  air  (discussed  elsewnere) 

• Reflections  into  the  shelter. 

Albedos  of  construction  materials  vary  considerably  as  well  as 
configurations  that  would  permit  reflection  into  inhabitated 
areas.  A single  diffusive  reduction  of  thermal  radiation 
coming  through  a large  window  or  door  and  impinging  on  an 
interior  wall  gives  a factor  of  20  (or  more)  reduction  for  a 

person  located  3 meters  from  the  reflecting  wall . We  shall 
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assume  this  protective  factor  with  large  uncertainties:  20^Q. 
The  number  of  instances  where  this  injury  mechanism  might  be 
dominant  are  small  due  to  the  concomitant  blast  (glass 
especially)  and  radiation  hazards. 

Variations  in  Skin  Conditions 


The  amount  of  thermal  energy  absorbed  by  exposed  skin 
is  dependent  upon  its  color  or  level  of  pigmentation.  Ex- 
perimental work  (Ref.  5.84)  has  measured  absorptive  differences 
for  a wide  range  of  skin  colors  from  the  Dutch  and  Europeans 
to  the  Toruba  and  Aborigines.  The  correction  factors  (Ref. 
5.80)  to  Qjq  derived  from  these  experimental  results  are  given 
below  for  exposed  skin  flash  burns: 


Yield  (KT) 


Skin  Color 

0,01* 

0.1 

1.0 

10 

100 

1000 

10000 

Very  light 

1.24 

1.24 

1.24 

1.24 

1.34 

1.32 

1.32 

Light 

1.10 

1.10 

1.10 

1.10 

1.15 

1.16 

1.16 

Medium 

1.00 

1.00 

1.00 

1.00 

1.00 

1.07 

1.08 

Dark 

0.89 

0.89 

0.39 

0.89 

0.92 

0.94 

0.95 

Very  dark 

0.85 

0.85 

0.85 

0.85 

0.86 

0.88 

0.89 

Assumed  same  as  0.1  KT 
Uncertainties  are  the  order  of  +107,. 

The  magnitude  of  the  external  ambient  temperature  affects 
the  severity  or  extent  of  flash  burns  in  two  ways- 

• Burn  severity  dependent  upon  inirial 
skin  temperature 

• Transmission  through  clothing  dependent 

on  types  and  weight  of  clothing  (see  above) . 

Experimental  work  (Ref.  5.85)  on  rats  for  a simulated  100  KT 
pulse  showed  that  cold  skin  ("-20°C)  required  457.  more  exposure 
for  the  same  level  of  burn,  and  hot  skin  ("»40oC)  required  277. 
less  when  compared  to  moderate  temperatures.  However,  it  is 
postulated  (Ref.  5.54)  but  unverified  that  this  temperature 
dependence  is  negligible  at  yields  below  1 KT.  We  have  adopted 
these  factors  for  yields  of  100  KT  and  above  and  have  log-log 
interpolated  them  to  unity  at  1 KT  as  given  below: 


Yield  (KT) 

0.01 

0.1 

1.0 

10 

100 

1000 

10000 

Cold  (freezing 
ambient) 

1.0 

1.0 

1.0 

1.0 

1.45 

1.45 

1.45 

Moderate 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Hot  (exposure  to 

1.0 

1.0 

1.0 

0.88 

0.73 

0.73 

0.73 

sun  in  hot 
ambient) 

Estimated  uncertainties  are  the  order  of  +20%. 
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Other  Factors 


Already  discussed  above  in  Section  5.3.3  were  spectrum 
differences  which  might  produce  +157.  in  the  mean  values  of  Q. 
(Figure  5.9  and  Table  5.3).  Using  the  data  of  Bull  and  Fisher 
(Ref.  5.65)  and  weighting  the  mortality  for  50%  body  area  burned 
versus  a standard  (US)  population  age  distribution,  we  find 
that  an  average  mortality  is  707.  as  opposed  to  the  approxi- 
mately 507.  mortality  for  young  healthy  individuals.  Hence, 
on  the  average,  age  makes  about  a 407.  difference  with  high 
mortality  for  moderate  body  burns  (10-20%)  for  the  very 
elderly. 

Other  factors  affecting  burn  outcome  are  obesity  (Ref. 

5.36)  (the  greater  the  weight,  the  worse  the  outcome)  and  the 
presence  of  cardiovascular  disease  and  renal  disease  (Ref. 

5.37) .  For  none  of  these  is  there  any  numerical  quantification; 
hence,  we  must  ignore  them.  Combined  injury  effects,  parti- 
cularly that  of  exposure  to  both  thermal  and  ionizing  radia- 
tion, are  discussed  in  Section  5.6. 

One  modifying  factor  that  has  been  noted  (Ref.  5.57) 
in  motion  pictures  taken  during  some  of  the  above  ground 
testing  was  that  smoke,  steam  and  products  of  combustion 
produced  by  the  initial  part  of  the  thermal  pulse  tended  to 
obscure/attenuate  a portion  of  the  rest  of  the  pulse.  Obser- 
vations on  "Operation  Buster"  (^20  KT)  were  that  this  effect 
might  have  reduced  the  thermal  irradiance  by  407..  The  amount 
of  attentuation  would  depend  trememdously  upon  the  nature  and 
location  of  the  nearby  materials;  e.g.,  asphalt  roads,  dry 
grasses  and  shrubs,  curtains  in  windows,  clothing,  etc.  At 
this  time,  there  is  no  simple  way  of  including  this  effect 
through  the  use  of  some  gross  correction  factors  for  generic 
locales. 
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5.4  AIRBLAST  EFFECTS 


5.4.1  Introduction 

Studies  concerning  the  effects  of  airblast  on  man  have 
generally  followed  with.,  commencement  of  major  conflicts  between 
nations . The  Second  World  War  produced  considerable  data  for 
airblast  effects  generated  by  conventional  weapons.  Both  the 
British,  led  by  Zuckerman  (Ref.  5.91),  and  the  Germans,  led  by 
Desaga  (Ref.  5.90),  were  active  in  this  field.  With  the  closing 
of  the  Second  World  War,  a new  dimension  was  added  to  the  effects 
of  airblast  by  the  use  of  nuclear  weapons.  For  nuclear  weapons, 
the  duration  of  the  overpressure  moves  from  the  few  millisecond 
regime  to  exposures  lasting,  in  some  cases,  for  more  than  a second. 

The  Lovelace  Foundation  for  Medical  Education  and  Research 
has  been  very  much  a leader  in  the  investigation  of  the  effects 
of  blast  waves  of  long  duration.  Contributors  from  this  Founda- 
tion such  as  White  (Ref.  5.76),  Fletcher  (Ref.  5.115),  Bowen  (Ref. 
5.93),  and  Richmond  (Ref.  5.121)  have  produced  a number  of  exten- 
sive studies  on  the  multiple  aspects  of  this  effect.  Their  studies 
have  led  to  scaling  methods  for  comparing  animal  casualties  to  man. 
They  have  also  conducted  extensive  computer  modeling  and  have 
developed  the  best  estimates  available  on  the  tolerance  of  man  to 
all  forms  of  airblast  effects. 

Testing  with  human  subjects  has  necessarily  been  limited 
to  near  or  below  burdening  levels.  Some  studies  of  accident 
and  suicide  cases  give  criteria  for  lethal  or  burdening  levels, 
but  these  do  not  scale  directly  to  casualties  produced  by  the 
blast  from  a nuclear  weapon.  This  scaling  has  also  presented 
a major  problem  in  work  with  human  cadavers  or  with  animals. 

Lethal  and  burdening  levels  for  man  exposed  to  airblast 
are  still  at  a very  tentative  level.  Much  work  ha3  yet  to  be 
done,  especially  in  the  area  of  burdening  and  lethal  decelera- 
tive  tumbling  and  in  injuries  produced  by  blast  energized  pene- 
trating debris  and  structural  collapse. 
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5.4.2  Primary  Alrblast  Effects  - Direct  Effects 
Lethal  Effects 

In  terms  of  physiological  damage  induced  by  a sudden 
change  in  air  pressure,  lung  damage  is  of  primary  importance. 
Studies  of  cases  of  severe  blast  injury  or  mortality  in  both 
man  and  animals  have  indicated  massive  lung  damage  as  the 
leading  lethal  mechanism  (Ref.  5.88,  5.89,  5.90,  5.91). 

Blast  injury  develops  in  complex  organisms  due  to  the 
difference  in  tissue  density  of  the  various  organs  that  make  up  the 
individual.  As  the  airblast  wave  distorts  the  body,  movement 
of  different  tissue  masses  causes  shear  waves  to  be  generated 
which  accelerate  parts  of  a same  organ  at  different  velocities . 

As  a result,  tears  or  ruptures  occur.  Gas-filled  organs  are 
especially  susceptible  to  this  damage,  with  the  lungs  being  of 
greatest  concern.  As  the  lung  tissue  is  disorganized,  fat  and 
air  emboli  can  enter  pulmonary  veins.  These  emboli  in  turn  can 
lead  to  further  damage  or  death  to  an  organism  via  coronary  or 
cerebral  damage.  If  the  organism  is  sufficiently  damaged, 
fibrin  emboli  may  also  be  present,  thus  complicating  the  situa- 
tion. All  this  is  further  complicated  by  the  resultant  degree 
of  hypoxia  due  to  lung  damage . Age ,-  health  and  predisposition 
all  affect  the  response  of  the  individual.  These  parameters,  in 
turn,  complicate  the  development  of  probabilities  for  mortality 
due  to  blast  overpressure.  The  majority  of  information  avail- 
able on  physiological  response  to  overpressure  is  based  on 
scaling  data  obtained  from  animal  studies  to  what  might  be  the 
expected  response  in  a 70-kgm  man. 

Lung  - Whole  Body 

Zuckerman  (Ref.  5.91),  working  in  England,  carried  out 
experiments  during  the  Second  World  War  in  which  small  animals 
were  tested  for  lethal  overpressure.  It  was  found  at  this  time 
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that  the  pressure  necessary  to  kill  507.  of  animals  was  related 
to  the  2/3  power  of  the  animals'  body  weight.  Monkey  and  goat 
data  were  consistent  with  the  relation.  When  the  data  were 
extrapolated  to  man,  an  LD^q  of  400-500  psi  peak  overpressure 
was  established  and  was  considered  to  be  of  the  right  order  when 
compared  to  actual  air  raid  experience. 


Desaga  (Ref.  5.90),  working  in  Germany  during  the  Second 
World  War,  agreed  with  Zuckerman's  blast  tolerance  of  man,  up  to 
a point.  Desaga  showed  that  the  tolerance  was  related  to  the 
duration  of  the  overpressure.  Desaga  also  indicated,  from 
studies  of  gun  emplacement  casualties,  that  reflection  of  over- 
pressure was  highly  additive  and  could  cause  a non-fatal  over- 
pressure to  become  fatal.  This  fact  led  to  a redesign  of  the 
gun  emplacements.  For  blast-caused  casualties  (from  direct 
effects)  inside  structures,  Desaga  reports  knowing  of  only  one 
case  during  the  entire  war.  , 


The  Lovelace  Foundation  has  produced  extensive  studies 
on  the  tolerance  of  animals  and  man  to  various  blast  waves. 
Richmond,  et  al. , (Ref.  5.92),  published  a paper  which  demonstrated 
an  apparent  species  difference  in  tolerance  to  duration  of  over- 
pressure. In  this  paper,  a grouping  of  data  for  large  and  small 
animals  was  demonstrated,  with  the  large  animals  being  more 
tolerant  to  overpressure  than  small  animals . In  a careful  compi- 
lation of  data,  Bowen  (Ref.  5.93)  developed  a set  of  curves  for 
threshold  peak  overpressure  values  for  lung  damage  as  a function 
of  its  duration.  In  this  study,  man's  tolerance  to  blast  over- 
pressure was  also  shown  to  be  dependent  on  orientation  to  blast 
winds  and  adjacent  buildings.  The  peak  overpressure-duration 
data  were  also  regenerated  as  survival  curves  for  range  versus 
weapon  yield.  These  curves  were  subsequently  employed  in  a 
number  of  publications  of  the  Lovelace  group. 
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Extrapolating  from  the  data  of  Bowen,  the  LD5Q  value  for 
man,  exposed  to  a blast  overpressure  of  l~msec  duration,  is  450 
psi.  For  exposures  of  long  duration,  1000  msec  or  more,  the  LD5Q 
value  is  62  psi.  In  1973,  White  (Ref.  5.94)  indicated  a thres- 
hold value  for  lethality  (LD01)  as  40  psi,  LD5Q  as  62  psi  and 
LDgg  as  92  psi.  These  values  are  in  agreement  with  the 
Lovelace  values  of  1971  (Ref.  5.88),  in  which  the  probability 
of  mortality  was  indicated  for  three  different  orientations  to 
the  blast  wave  (see  Table  5.7,  Figure  5.11).  If  orientation 
is  considered,  the  LDjq  peak  overpressure  for  man  ranges  from 
21  to  62  psi. 

Burdening  Effects 


Minimal  injuries  of  lung  tissue  result  in  disruption  of 
alveolar  walls.  As  overpressures  are  increased,  hemorrhaging 
becomes  more  extensive  to  the  point  of  major  disruption  of 
pulmonary  tissue.  As  more  tissue  is  disrupted,  the  subject 
suffers  from  increased  hypoxia.  From  this  point,  air  emboli,  can 
enter  the  bloodstream  and  lead  to  sudden  death. 

The  investigations  by  Zuckerman  (Ref.  5.91)  during  the 
Second  World  War,  involving  both  animal  and  human  experiences, 
lead  to  a tentative  estimation  of  man’s  threshold  for  lung 
damage  at  70  psi.  Approximately  the  same  period  of  time.  Desaga 
estimated  the  lethal  threshold  of  man  at  100  psi.  From  these 
studies,  it  would  appear,  for  short  durations  of  overpressure, 
that  man  s burdening  levels  for  lung  damage  from  primary  effects 
of  overpressure  are 

BDq^  ■ 70  psi 

BDgg  = 100  psi 


i* V' 


Table  5.7.  Probability  of  mortality  from  blast 
overpressures  (PSI)  surface  bursts. 


Yield  (KT) 


A.  Prone-long  Axis 

Parallel  Shock  Have 


B.  Lone  Axis  Body 
Perpendicular  to 
Blast  Winds 


Thorax  Near  a 
Reflecting  Surface 

n 

507. 

997. 


0.1 

1.0 

10.0 

100.0 

. 44 

42 

41 

40 

68 

64 

63 

62 

115 

100 

97 

94 

29 

28 

27 

27 

49 

38 

37 

37 

55 

53 

52 

51 

16 

15 

15 

14 

22 

22 

2' 

21 

30 

29 

28 

28 

Note:  These  probabilities  are  based  on  data  from  White 
(Ref.  5.88),  Bowen  (Ref  5.93).  They  represent 
the  closest  approximations  from  available  data. 
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In  1966,  Richmond  (Ref.  5.92)  published  a paper  in  which 
he  indicated  the  threshold  for  petechial  lung  hemorrhage  in  dogs 
occurred  at  approximately  one-fourth  the  LD^q  dose,  and  serious 
injury  occurred  at  about  three- fourths  the  LD^g.  From  these  data, 
for  short-duration  overpressure  exposures  (v3  msec) , lung  damage 
occurred  at  the  following  levels: 

Threshold  = 30-40  psi 

Severe  » 80  psi  and  above. 

White  (Ref.  5.95)  published  a paper  at  the  same  time  as 
Richmond  and  indicated  the  threshold  and  serious  ranges  for 
exposure  to  overpressure  of  long  duration  (400  msec).  The  results 
of  this  paper  are  the  following  peak  overpressures: 

Threshold  - 12-15  psi 

Severe  ■ 37  psi  and  above. 

Further  animal  studies  by  the  Lovelace  Foundation  (Ref.  5.94) 
have  now  established  the  following  tentative  peak  overpresssure 
criteria  for  burdening  lung  damage  due  to  direct  effects  of  long- 
duration  blast  waves: 


Threshold  Lung  Damage 
Severe  Lung  Damage 

Eardrums 


12  (8-15)  psi 
25  (20-30)  psi. 


Early  investigation  (Ref.  5.96)  of  the  effects  of  over- 
pressure on  che  tympanic  membrane  indicated  that  an  overpressure 
range  between  5.4  and. 44.1  psi  (mean  = 22.9  psi)  was  required 
for  rupture.  This  work  was  performed  on  cadavers  by  slowly  pump- 
ing air  (slow-rising  overpressure)  into  the  external  auditory 
canal.  A study  (Ref.  5.97)  of  World  War  II  air  raid  casualties 
suggested  that  the  lower  and  upper  limits  of  peak  overpressure 
at  which  human  eardrum  will  burst  in  507.  of  cases  was  15  psi  and 
50  psi.  The  wide  range  in  both  studies  was  attributed  to  dif- 
ferences such  as  age,  shape  of  ear  3nd  wax  content. 
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In  terms  of  probability  of  occurrence  of  eardrum  in- 
juries among  casualty  cases,  in  the  Texas  City  Disaster  (Ref. 
5.98),  of  2400  hospitalized  patients,  11.57.  (274  patients)  had 
perforation  of  one  or  both  eardrums.  The  incidence  of  ruptured 
eardrums  among  surviving  casualties  from  the  nuclear  bombing  of 
Japan  was  from  17.  to  107.  (Ref.  5.60,  5.99).  The  amount  of 
damage  to  the  tympanic  membrane  varies  considerably,  with 
slight  tearing  in  some  cases  and  complete  removal  in  others. 

The  main  problem  to  avoid  is  infection  to  the  ear  following 
damage.  If  infection  should  occur,  the  amount  of  permanent 
hearing  loss  can  be  considerable.  A new  NATO  Handbook  (Ref. 

5.69)  advises  evacuation  of  persons  suffering  from  ruptured 
eardrums . 

Studies  (Ref.  5.100)  of  the  effect  of  the  duration  of 
the  blast  wave  indicate  the  tympanic  membrane  is  not  sensitive 
to  this  effect  above  1 msec  of  pulse.  Questions  as  to  whether 
the  positive  overpressure  or  negative  underpressure  is  the  most 
damaging  effect  have  not  been  completely  settled.  Relating  mem- 
brane damage  to  positive  overpressure,  a compilation  of  dog  data 
in  1965  (Ref.  5 . 101) indicated  a threshold  peak  overpressure  value 
of  5 psi  and  507.  failure  at  15-20  psi.  Due  to  reflection,  the 
values  are  lowered  for  sheltering  conditions  such  as  covered  fox- 
holes to  IZ  at  2-3  psi  and  507.  at  6-8  psi.  A 98-percent  failure 
occurred  for  eardrums  exposed  to  overpressures  from  25-38  psi. 

In  summary,  the  burdening  peak  overpressure  values  for 
tympanic  membrane  casualty  are  tentatively  indicated  as: 
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5.4.3  Secondary  Alrblast  Effects  - Debris  and  Missiles 

Burdening  and  lethal  casualties  related  to  secondary  blast 
effects  are  related  to  a number  of  parameters  of  both  the  target 
and  the  missiling  material.  The  parameters  of  missiling  include 
size,  shape,  density,  mass  and  nature  of  the  moving  object.  For 
the  target,  response  parameters  reflect  whether  the  blow  is  pierc- 
ing, penetrating,  non-penetrating  (sharp  or  blunt) , and  the 
tissue/organs  involved  (single  organ,  multiple  organ,  organs  in 
one  or  more  major  body  areas).  From  the  science  of  wound  balli- 
stics, the  velocity  of  a penetrating  or  piercing  object  is  criti- 
cal to  the  extent  of  physiological  damage  - this  becomes  especial- 
ly evident  in  terms  of  very  small  missiles  which  obtain  very 
high  velocities  which  may  result  in  massive  disruption  of  tissue. 


Of  translating  objects,  the  larger,  more  massive  items 
are  slower  to  gain  velocity  in  blast  winds.  Small,  light  objects, 
such  as  glass  splinters,  reach  maximum  velocity  in  a relatively 
short  period  of  time.  Because  of  this,  objects  in  a blast  wind 
can  change  their  velocities  relative  to  each  other.  The  longer 
the  duration  of  the  blast  wind,  the  higher  the  velocity  s large 
massive  object  can  obtain.  In  contrast  to  this,  small  objects 
are  not  too  greatly  influenced  by  blast  dur-cions  as  they  very 
quickly  reach  their  maximum  velocity. 


The  basic  biomedical  criteria  for  these  effects  are 
commonly  expressed  in  units  such  as  the  kinetic  energy  at  impact 
or  the  impact  velocity  of  a particular  type  of  missile  (sub- 
stance, weight,  etc.).  The  physical  phenomena  (e.g.,  aero- 
dynamics) of  the  missile’s  acceleration  are  then  used  to  ex- 
press the  biomedical  criteria  in  terms  of  blast-wave  parameters. 


i 


3 


Blunt  Trauma 


Blunt  Trauma  - Random  Impact 

An  analysis  of  the  wounding  power  of  debris  (Ref.  5.102), 
conducted  by  the  British  during  the  Second  World  War,  indicates 
that  lumps  of  hard  crater  debris,  impacting  with  an  energy  of 
about  30  ft-lbs,  would  incapacitate  50  percent  of  the  personnel 
crouched  in  slit  trenches  (see  Table  5.8).  Soft  lumps  of  clay 
were  found  to  produce  incapacitation  in  50  percent  of  personnel 
struck  at  a mean  energy  of  1800  ft-lbs.  This  research,  performed 
on  small  animals  and  dried  human  skulls,  contains  extremely  wide 
ranges  of  95  percent  confidence  limits.  The  criteria  for  incapaci- 
tation in  the  British  report  were  either  death,  unconsciousness, 
major  bone  fracture,  or  severe  rupture  or  hemorrhage.  The 
values  are  to  some  degree  intended  as  combat  ineffectiveness 
(CX) , rather  than  burdening  injuries  (BD)  as  would  apply  to 
civilians. 


Working  from  the  British  data,  the  United  States  Army 
Combat  Developments  Command  (USACDC)  (Ref.  5.103)  redeveloped 
a probit  analysis  of  the  incidence  of  incapacitation  (see 
Figure  5.12).  Working  from  this  probit  analysis,  the  velocity 
required  to  produce  a 50-percent  incidence  of  incapacitation 
was  developed  by  the  USACDC  (see  Table  5.9)  for  three  stone 
masses  (1,  5 and  10  lbs).  With  the  velocity  values  calculated, 
the  overpressures  as  a function  of  yield  were  calculated  for 
che  three  stone  masses  (see  Figure  5.13).  The  overpressures 


from  a 1-KT  and  10-KT  weapon  which  develop  a CIjQ  for  the  three 


stone  masses  are  shown  in  Table  5.10. 
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Table  5.8.  Estimated  LDjq's  in  ft-lbs  for  human  incapacitation 
(957.  confidence  limits  shown  in  brackets) 
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Table  5.9.  Velocity  for  507.  incidence  of  CX  resulting 
from  random  blunt  impact. 


Velocity  for  507.  Cl 
(ft/ sec) 


Table  5.10.  Overpressures  from  specific  weapons 
developing  Cl-,.  for  various  missile 
weights. 


Blunt  Trauma  - Skull 

The  values  for  incapacitation,  as  developed  from  the 
British  data,  are  intended  for  a mean  probability  of  the  event 
occurring  to  any  portion  of  the  body.  If  specific  body  regions 
were  considered,  the  range  of  values  would  vary  widely  as  indi- 
cated by  the  95-percent  confidence  values  of  Table  5.8.  As  an 
example,  for  incapacitation  due  to  head  injury,  the  energy  re- 
quired of  hard  debris  is  22  ft- lbs.  From  a probit  analysis  of 
the  British  data,  the  U>50  velocity  for  1,  5,  and  10  lb  masses 
would  be  those  shown  in  Table  5.11. 


Table  5.11.  507,  incidence  of  Cl  resulting 

from  blunt  impact  to  head. 


Velocity  for  50%  Cl 
(ft/sec) 


From  Table  5.8,  the  Cljg  impact  for  skull  fracture  is 
about  22  ft- lbs.  This  value  is  based  on  experiments  with  human 
skulls  which  were  filled  with  a 20-percent  gelatin  solution 
covered  with  thin  rubber  to  simulate  skin.  In  the  Lovelace  publi- 
cations (Refs.  5.72,  5.76,  5.77.  5.99),  impact  velocity  for 
skull  fracture  from  a 10-lb  mass  has  been  indicated  to  range  from 
15-23  ft/sec  for  threshold  to  near  100-percent  fracture  (see 
Table  5-12) . These  data  are  based  on  reports  of  early  British  work 
(Ref.  5.104)  employing  monkeys  and  predate  the  British  report 
used  by  the  USACDC.  The  Lovelace  data  also  employ  engineering 
studies  of  skull  fracturing  (Refs.  5.105,  5.106)  which  support 
the  British  data.  Although  an  apparent  disagreement  exists  be- 
tween USACDC  and  Lovelace  as  to  what  constitutes  the  critical 
impact  velocity  for  a 10-lb  object,  the  actual  difference  appears 
to  be  due  to  scaling  and  differences  in  experimental  fracture 
development  as  employed  in  the  original  research.  For  skull 
fractures  due  to  hard,  blunt  impact,  the  velocity  data  published 
by  Lovelace  is  believed  to  be  the  best  available  at  this  time. 

Table  5.12.  Tentative  critical  impact  velocities 
for  blunt  trauma  due  to  hard.  10- lb 
object. 

Skull  Fracture  Velocity  (ft/sec) 

Mostly  "safe"  10 

Threshold  15 

Near  1007.  23 

Blunt  Trauma  - Thorax 

Lovelace  research  (Refs.  5.72,  5.107)  on  blunt  trauma  due 
to  missile  impact  to  the  chest  area  has  produced  the  data  found 
in  Table  5.13.  These  data  were  developed  from  research  employing 
two  sizes  of  blunt  objects  impacting  with  the  lateral  thorax  of 
dogs.  As  evidence  from  Table  5.13,  and  as  expected,  the  lighter 


object  requires  more  energy  to  produce  a specific  biological 
effect.  Caution  must  again  be  expressed  in  scaling .animal  data 
directly  Co  human  response. 

Table  5.13.  Effects  of  0.4-lb  and  0.8-lb  missile  impact 
on  the  chest. 

Threshold  Velocities 
(ft/sec) 


0.8  lb  0.4  lb 


y 


Biological  Effects 

Lung  Hemorrhages : 

Side  of  impact  only 
(unilateral) 

Impact  side  and  opposite 
side  (bilateral) 

Rib  fracture 

Internal  lacerations 
from  fractured  ribs 

Fatality  within  1 hour 


From  Table  5.13,  the  velocities  required  to  produce  uni- 
lateral or  bilateral  lung  hemorrhage,  or  more  complicating  in- 
juries. are  fairly  high.  For  the  0.8-  and  0.4-lb  strikers,  minor 
hemorrhage  threshold  occurs  at  45-80  ft/sec.  The  threshold  for 
lethality  is  155  to  170  ft/sec. 

Blunt  Trauma  - Abdomen 

A compilation  of  data  by  Clemedson  (Ref.  5.108)  has  in- 
dicated that  the  abdomen  (liver,  spleen  and  kidney)  is  the  most 
sensitive  area  co  blunt  trauma.  The  next  most  sensitive  area  is 
the  head  (central  nervous  system),  followed  thirdly  by  the  heart. 
From  civilian  crash  studies,  the  mortality  rate  for  blunt  trauma 
to  the  liver  has  been  indicated  by  Clemedson  to  be  about  40-60 
percent.  In  a series  of  experiments  on  dogs  by  Hellstrom  (Ref. 
5.108),  initial  liver  damage  occurred  at  impact  velocities  as 
low  as  5 ft/sec  (see  Figure  5.14).  These  experiments  employed  a 


A - NO  INJURY  VISABIE 
B - HEMATOMAS  TO  SLIGHT  RUPTURES 

C - OEEPLY  PENETRATING  RUPTURES  TO 
GREATER  THAN  SO  PERCENT  LACERATED 


INJURIES  IN 


ZONE  ARE  GENERALLY  LETHAL. 


Figure  5.14.  Relation  between  impact  velocity  and  degree 
of  liver  damage  (15.5  kg  mass  striking  liver 
area  of  dog  abdomen). 
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15.5-kg  mass  impacting  at  known  energies.  Major  damage  to 
the  liver,  usually  resulting  in  death,  occurred  at  impact  veloc- 
ities above  12  ft/sec.  From  these  data,  a tentative  velocity 
value  for  blunt  injury  to  the  abdomen  indicates  a threshold  level 
for  injury  at  5 ft/sec  and  a near  1007.  level  for  fatality  at  20 
ft/sec  (see  Table  5.14). 

Table  5.14.  Tentative  criteria  for  blunt  impact 
(mass  15.5  lb)  to  abdomen  (liver). 

Injury  Classification  Velocity  (ft/sec) 


Burdening 


Penetrating  Trauma 

The  science  of  wound  ballistics  has  investigated  the  effects 
of  penetrating  missiles  and  has  developed  much  of  our  understanding 
of  this  form  of  injury.  The  physical  wounding  effects  of  a pene- 
trating missile  depend  much  upon  the  amount  of  kinetic  energy 
available  and  upon  the  transfer  of  that  energy  to  the  tissue  medium. 
The  power  available  to  generate  a wound  varies  directly  as  the 
impacting  area  and  shape  of  the  missile,  the  density  of  the  medium, 
the  cube  of  the  velocity,  and  varies  inversely  as  the  mass 
of  the  missile.  The  intervening  tissue  modifies  a wound  by  such 
characteristics  as  elasticity,  cohesiveness,  brittleness,  density, 
and  length  of  missile  tract. 

Perforation  or  penetration  wounds  are  lethal  provided  cer- 
tain organs  are  involved  or  the  area  involved  is  large  enough. 

For  some  injuries,  mortality  is  almost  entirely  due  to  perfora- 
ting wounds,  as  for  example  mortality  of  colon  injuries  (Ref. 

5.109).  From  studies  (Ref.  5.97)  of  civilians  and  military 
casualties  of  the  Second  World  War,  the  British  concluded  only 


penetrating  splinter  wounds  of  the  head,  neek  and  trunk  are 
highly  dangerous,  and  almost  any  such  wound  may  be  regarded  as 
an  incapacitating  wound  provided  the  missile  concerned  penetrates 
through  the  skin  into  the  underlying  tissue.  In  the  case  of 
limbs,  single  splinter  wounds  are  not  considered  as  dangerous, 
and  the  relative  number  of  hits  by  small  splinters  which  would 
prove  incapacitating  is  clearly  smaller. 

A comparative  study  (Ref.  5.97)  of  the  wounding  power  of 
steel  balls  and  metal  splinters  produced  the  data  of  Figure  5.15. 

The  mass  of  the  missiles  studied  was  58  mgm.  This  was  related 
to  the  average  size  of  wounding  fragments  from  the  casing  of  a 
conventional  gravity  bomb.  Although  this  does  not  necessarily 
relate  to  the  size  and  velocity  of  penetrating  fragments  due  to 
nuclear  weapons,  it  does  allow  comparisons  of  the  effect  of  mis- 
sile shape  on  wounding  ability.  As  shown  in  Figure  5.15,  the  random 
shape  58  mgm  missile  requires  2600  ft/sec  for  a BDjq,  while  the 
same  mass  but  uniform  ball  configuration  only  requires  1300  ft/ 
sec  for  a BD^0  level  of  incapacitation.  These  values  are  for 
clothed  body  surfaces  (type  of  clothing  unspecified)  and  random 
angle  of  impact  (normal  or  oblique) . 

A more  specific  study  of  ballistic  limits  of  tissue  and 
clothing  is  that  of  Sperrazza  and  Kokinakis  (Ref.  5.110).  In 
this  study,  steel  spheres  of  1- , 2-,  and  10-gram  masses  were  im- 
pacted against  military  winter  attire  and  human  skin.  From  this 
study,  a relationship  of  the  Vjq  ballistic  limit  (fragment  just 
penetrates  in  50  percent  of  impacts)  versus  fragment  area-mass 
was  developed  (see  Figure  5.16).  The  information  contained  in 
Figure  5 16  Was  employed  in  USACDC  studies  (Ref.  5.103)  to  develop 
Vjq  values  for  stone  masse?  of  0.1-,,  1-,  and  10-grams  (see  Table 
5.15.  From  these  data,  the  USACDC  developed  curves  which  illus- 
trate overpressures  as  a function  of  yield  (see  Figure  5.17). 

These  curves  correspond  to  the  0.1-,  1.0-,  and  10-grara  stone 
velocities  that  produce  a 50-percent  incidence  of  severe  wounds. 


Yield  (KT) 


(Ref.  5.103) 


Figure 


5.17.  Overpressure  for  507,  Cl  fron  penetrating 
wounds  for  three  stone  masses. 
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For  example,  for  a 1-KT  weapon,  the  overpressures  which  produce 
a Vjq  for  0.1-,  1-  and  10-gram  stones  are  59,  56.8  and  46.5  psi 
respectively. 

Table  5.15.  Ballistic  limits  of  skin  and  clothing. 

Ballistic  Limits  CVcf.) 

Mass  (ft/sec) 

Missile  (grams)  Uniform 


Mass 

Missile 

(grams) 

Steel  . 

1.0 

Sphere 

2.0 

3.0 

Stone** 

0.1 

1.0 

10.0 

Ref.  5.110 
**Ref.  5.103 

Cutting  Mechanisms  (Glass) 

For  determining  lethal  levels  of  glass  fragments,  the 
development  of  LD  values  becomes  very  difficult.  In  conventional 
bombing  cases  observed  during  the  Second  World  War,  glass  was  not 
the  primary  cause  of  death.  Only  in  cases  of  severely  lacerated 
arteries  or  organs  could  glass  fragments  be  considered  the  lethal 
factor.  Generally,  glass  lacerations  were  multifarious,  super- 
ficial, and  located  on  uncovered  body  surfaces.  Superficial  or 
not,  glass  laceration  was  a serious  wound  in  that  it  carried  with 
it  contaminating  dirt  and  debris  which  led  to  difficult  compli- 
cations in  wound  treatment.  Where  severe  laceration  was  involved 
with  a patient  that  eventually  died,  the  patient  also  had  other 
complications  such  as  compound  fractures  and  organ  damage.  Of 
civilian  bomb  casualties  during  the  Second  World  War.  the  obser- 
ved death  rate,  attributed  to  glass,  was  found  in  one  British 
hospital  to  be  approximately  0.3  percent  (Ref.  5.111).  When  the 
nuclear  bomb  exploded  over  Hiroshima,  windows  were  broken  in 
places  exceeding  10  miles  distance  (Ref.  5.112),  and  flying  glass 


1 


caused  a large  number  of  casualties,  even  up  to  15,000  feet  from 
ground  zero  (Ref.  5.62).  For  very  low  yield  nuclear  weapons, 
where  blast  duration  is  insufficient  to  accelerate  larger  missiles 
to  high  velocities,  the  glass  hazard  may  be  a particularly 
important  missile  injury  mechanism. 

For  personnel  inside  structures,  the  probability  of  being 
hit  by  glass  fragments  decreases  rapidly  as  a person  moves  lat- 
erally from  behind  a window.  At  25  degrees  from  the  edge  of  a 
window  pane,  the  density  of  glass  fragments  is  approximately  one- 
tenth  the  density  of  fragments  measured  directly  behind  the  win- 
dow, Since  the  lateral  spread  of  fragments  is  not  great,  the 
probability  of  hit  decreases  rapidly.  This  was  extremely  evi- 
dent in  injuries  of  British  civilians  during  World  War  II.  As 
the  people  learned  to  quit  looking  out  their  windows  during  bomb 
raids,  the  number  of  glass  casualties  decreased  dramatically 
(Ref.  5.111). 


In  one  Nevada  nuclear  weapon  effects  study  (Ref.  5.113), 
dogs  were  exposed  to  missiles  from  window  glass  as  a result  of 
an  11-KT  explosion.  The  result  of  these  tests  indicated  the 
weights  of  penetrating  missiles  increased  exponentially  with 
decreasing  overpressure.  At  an  overpressure  of  3.9  psi,  there  ; 

was  an  average  of  2C  wounds  per  animal  and  about  2 severe  wounds  . 

per  animal . j 

To  further  quantify  the  glass  missiles,  tests  were  con-  ' 

ducted  (Ref.  5.114)  using  a series  of  styrofoam  witnesses  behind 
0.125-inch  thick  windows.  From  these  studies,  it  was  determined 


that,  at  a distance  of  10  feet  behind  a window  pane,  the  prob- 
ability of  glass  fragments  penetrating  tissue  increased  with  in- 
creasing overpressure  up  to  3.8  psi.  Beyond  3.?  psi,  the  prob- 


ability of  penetration  decreased.  This  situation  develops  with 
glass  in  chat,  as  overpressure  increases  above  3.8  psi  (under 
conditions  of  tests),  the  size  of  the  glass  missiles  decreases. 


l.I 


.4.  . . 


Figure  5.18  is  an  illustration  of  this  situation.  From  Figure 
5.18  at  5 psi  and  10  feet  from  the  window  pane.  4 percent  of  the 
total  missiles  have  sufficient  energy  to  penetrate  skin.  Also, 
at  this  distance  and  overpressure,  the  expected  penetration  rate 
is  4 missiles  per  square  foot.  The  following  equation  was  designed 
to  describe  this  relationship. 

log  V - 2.5172  + log ( log  m 4-  2.3054) 


probability  of  penetration 
missile  velocity,  ft/sec 
missile  mass,  gm 


(Ref.  5.114) 


During  the  above  described  experiment,  in  one  test, the 
mean  mass  of  fragments  at  5 psi  was  0.119-grams.  The  mean  velo- 
city of  these  fragments  was  162  ft/sec,  and  there  was  an  average 
of  88.3  fragments  trapped  per  square  foot  at  a distance  of  9-13 
feet  behind  the  window.  Overall  the  mean  mass  of  the  fragments 
in  a series  of  seven  tests  ranged  from  0.119-grams  to  1.85-grams, 
and  the  mean  velocities  ranged  from  99.2  ft/sec  to  175  ft/sec 
(Ref.  5.115). 

The  probability  of  incapacitation  from  cutting  mechanisms 
is  proportional  to  the  size  of  the  cut  area.  A formula  express- 
ing this  relationship  in  terms  of  combat  ineffeciveness  ha3  been 
applicable  to  civilian  casualties.  For  a first-order  analysis 
of  injury  due  to  cutting  mechanisms,  White  (Ref.  5.116)  has  indi- 
cated chat  1)  skin  laceration  may  be  anticipated  at  missile  velo- 
cities on  the  order  of  50  ft/sec  and  2)  serious  wounds  involving 
penetration  of  serous  cavities  may  be  predicted  at  velocities  of 
about  100  ft/sec  in  a few  cases  and,  in  most  cases,  above  400  ft/ 


Percentage  of  Total  Missiles 


Lovelace  studies  (Ref.  5.101)  have  shown  the  probability 
of  glass  missiles  producing  serious  wounds  is  a product  of  the 
mass-velocity  relationship  of  the  missiles.  In  their  early 
studies,  the  BD^g  velocity  values  for  1-gm  and  10-gm  glass 
missiles  were  tentatively  set  at  430  and  355  ft/sec.  Employ- 
ing the  Lovelace  data,  the  ITT  Research  Institute  (IITRI)  indi- 
cated that  the  mass-velocity  relationship  for  glass  laceration 
or  penetration  is  approximately  related  to  the  MV^  value  of  the 
glass  missile.  A recent  Lovelace  paper  (Ref.  5.117)  on  glass 
penetration  gives  a 99-percent  probability  of  penetration  of 
the  body  wall,  by  a 2-gm  mass,  as  500  ft/sec  (see  Table  5.16). 

Table  5.16.  Velocity  of  glass  fragments  having 
probability  of  penetrating  skin 
and  body  wall. 


Glass  Fragment  Mass 

(gram) 

Probability 
of  Penetration 

0.1 

0.2 

0.5 

1.0 

2.0 

17. 

190 

150 

125 

110 

90 

507. 

590 

440 

360 

280 

215 

997. 

1100 

880 

680 

590 

500 

(Ref.  5.117,  p.  8) 

For  the  probability  of  mortality  from  glass  penetration 
of  the  abdomen,  IITRI  scientists  have  estimated  the  single  f 

event  has  a 30-percent  mortality  factor.  This  would  mean  that, 
at  a 99-percent  probability  of  penetration,  an  event  with  a 
30-percent  mortality  factor  has  a lethality  equivalence  of 
LD30,  while  a 50-percent  probability  of  penetration  has  an 
equivalence  of  LD15-  A ballpark  number  from  a meeting  with  : 

the  Lovelace  scientists  (Ref.  5.118)  has  given  glass  penetra- 
tion of  the  serous  cavity  a 50-percent  mortality  factor.  This 
would  indicate  that  a 99-percent  probability  penetration  has  an 

*<  • 

* ’ % 
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equivalence  of  U>^0 . From  this,  a very  tentative  estimate  of 
lethality  fcr  glass  is  LD3050  for  99-percent  probability  of 
penetration.  From  such  penetration  data  and  measurements  of  the 
velocity,  mass  and  spatial  distributions  of  glass  fragments  for 
various  window  constructions  and  blast-wave  parameters,  injury 
and  fatality  criteria  are  presently  being  developed  in  a way 
that  they  may  be  indexed  to  the  yield,  height-of-burst  and  peak 
overpressure  of  the  blast.  Highly  preliminary  results  from  Monte 
Carlo  calculations  indicate  an  effective  (reflections  included) 
peak  overpressure,  approximately  independent  of  yield  and  burst 
height,  of  "'-S  psi  for  LD^g  and  a value  on  the  order  of  the  win- 
dow breakage  threshold  (typically  •'•l  psi)  for  BDjq.  As  expected, 
these  preliminary  results  also  indicate  a reduction  in  the 
fatality  probability  with  increasing  overpressure  (i.e. , larger 
overpressures  product  less  penetrating  fragments)  but  the  other 
air  blast  effects  will  have  reached  lethal  levels. 

5.4.4  Tertiary  Airblast  Effects — Whole  Body  Translation 


Translation  of  objects  due  to  blast  winds  from  nuclear 
explosions  can  produce  human  casualties  in  a variety  of  ways. 
Either  penetrating  or  non-penetrating  debris  energized  by  the 
airblast  can  induce  wounds  to  the  point  of  lethality.  Whole-body 
translation  results  in  an  abrupt  impact  or  a more  gradual  tumbling 
deceleration.  The  velocity-displacement  relation  of  a trans- 
lating object  is  different  at  the  same  overpressure  value  for 
weapons  which  are  different  in  yield,  and  this  difference  can  be 
related  to  the  duration  of  the  blast  wave.  In  turn,  the  trans- 
lation of  different  objects  is  related  to  their  individual  drag 
coefficients,  acceleration  coefficients,  and  motion  character- 
istics when  airborne. 


Anthropomorphic  dummies  exposed  to  blast  winds  from 
nuclear  explosions  have  been  studied  to  estimate  the  trans- 
lational characteristics  of  humans  (Ref.  5.119).  One  sig- 
nificant finding  from  these  studies  involves  orientations. 

As  the  blast  winds  overpower  the  standing  dummy,  its  feet  are 
knocked  out  from  under  it,  and  the  dummy  rotates  through  the  air. 
With  sufficient  rotational  movement,  the  head  is  the  first  part 
of  the  body  to  come  in  contact  with  the  ground  surface.  As  the 
dummy  rotates  through  the  air,  its  acceleration  coefficient 
alters  with  its  positional  changes.  Acceleration  coefficients 
(a)  are  essential  in  predicting  the  velocity  a translating  object 
will  obtain.  Bowen  (Ref.  5.120)  tabulated  the  a-values  for 
various  positions  of  man  as  well  as  various  sizes  of  stones, 
window  glass  fragments,  and  steel  spheres.  For  man,  an  effective 
acceleration  coefficient  was  estimated  at  0.030  ft^/lb.  This  was 
reasonably  close  to  the  0.0268  f t-/lb  derived  from  studying 
film  clips  of  a rotating  dummy  as  it  translated  through  air. 

Lethal  Injury 
Impact 


i 


L 


To  calculate  the  overpressure  vs.  yield  at  which  a human 
casualty  will  suffer  a burdening  or  mortal  injury  from  transla- 
tion, the  velocity  required  to  generate  the  casualty  must  be  de- 
termined. Initial  research  (Ref.  5.121)  indicated  probably 
lethal  impact  velocities  for  random  impact  orientations  after  a 
10-foot  translation  distance  of  LDq^  = 24  ft/sec  and  LDgg  ■ 29 
ft/sec.  These  values  were  scaled  from  experiments  employing 
small  animals.  It  was  subsequently  determined  (Ref.  5.88)  that 
small  animals  developed  degrees  of  casualty  at  different  velo- 
cities than  larger  animals , and  a new  LD^q  velocity  for  man  was 
tentatively  set  at  54  ft/sec.  These  data  were  modeled  using 


a 
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for  man's  LDjq  value  for  impact  with  random  orientation,  based 
on  data  derived  from  sheep,  is  35  ft/sec.  (See  Table  5.17). 
This  is  still  a tentative  result  requiring  extensive  testing 
and  modeling. 

TABLE  5.17.  Impact  velocity  for  a given  probability 
of  injury  or  mortality  (ft/sec),  impact 
at  random  orientation. 

(Data  modified  from  Fletcher,  Refs. 

5.118,  5.122)  a/m  *»  0.23 


1% 

50% 

95% 

Injury 

6.5  t 2 

15.4  ± 2 

28.4  ^ 

Mortality 

26.7  *1 

35.1  i 2 

42.6  ^3 

The  initial  orientation  of  human  subjects  is  important  to 
the  maximum  velocity  developed  in  that  different  a-values  are 
related  to  different  surface  areas.  Fletcher,  et  al.,  (Ref.  5.122) 
ran  a series  of  model  computations  of  displacements  for  personnel 
initially  prone  and  initially  standing.  For  the  initially  prone 
exposure,  velocity  calculations  were  made  for  end-on,  side-on,  or 
random  orientations  to  the  airblast.  For  initially  standing 
personnel,  exposures  to  airblast  were  only  considered  for  front- 
on or  back-on  orientations.  These  data  were  calculated  for  various 
overpressures  developed  for  surface  bursts,  upper  optimum  HOB,  and 
lower  optimum  HOB  of  different  yields . From  the  modeled  data  a 
series  of  tables  were  developed  which  relate  velocity  and  dis- 
placement,, for  personnel  exposed  to  weapons  ranging  from  1 i 
to  100  MT,  to  the  blast-wave  characteristics. 

Applying  the  velocity  data  from  Table  5.17  to  the  above  des- 
cribed modeling  results  of  Fletcher,  the  overpressures  correspond- 
ing to  different  injury  levels  can  be  estimated.  For  1-  and  10-KT 
surface  bursts,  the  resulting  LD-q  peak  overpressure  values  for  an 
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initially  standing  person  are  14  psi  and  9 psi,  respectively  (see 
Table  5.18).  From  the  same  results  of  Fletcher,  a standing  person 
who  is  hit,  front-on  or  back-on,  with  blast  winds  of  14-psi  peak 
overpressure  from  a 1-KT  explosion,  can  be  expected  to  be  trans- 
lated a distance  of  28.7  feet,  with  a peak  velocity  of  35  ft/sec. 
The  same  person,  if  hit  while  in  a random,  prone  position,  would 
be  translated  18.7  ft  and  attain  a peak  velocity  of  27.1  ft/sec. 
(See  Table  5.19). 


Table  5.18. 


Initial 


Overpressure  (PSI  from  nuclear  weapons 
developing  LD50  impact  velocity  (35  fps) 

(impacting  at  35  fps  - random  impact  orientation) 


Orientation 

S 

HOB 

S 

HOB 

S 

HOB 

S 

HOB 

Standing, 

Front  or  Back 

22.6 

21.6 

14.1 

16.1 

8.6 

11.1 

6.2 

7.2 

to  Wind 

Prone,  Random 
Orientation 

79.1 

- 

33.6 

47.8 

20.3 

28.4 

11.9 

14.6 

S ■ surface  burst 

HOB  « upper  optimum  height-of-burst 
Developed  from  displacement  tables  (Ref.  5.122) 


Table  5.19.  Differences  in  computed  human  translations 
by  blastwinds  from  a surface  burst  nuclear 
weapon  developing  14  psi  overpressure. 

0.1  KT  1KT  10  KT  100  KT 


Initial 

Orienta- 

tion 


1 KT 
V D 


10  KT 
V D 


100  KT 
V D 


Standing,,  18.2  20.4  35.0  28.7  66.1  80.9  1)1.5  198.0 

front-on 
or  back  -on 
to  wind 


Prone , 
Random 
Orientation 


13.8  5.99  27.1  18.7  50.9  54.0  87.5  138.8 


V « maximum  velocity,  ft/sec 
D - total  displacement,  ft 


f 
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Table  5-20  is  a further  application  of  the  Fletcher  data 
by  which  yield  dependence  for  displacement  of  a prone  or  stand- 
ing person  is  calculated. 

Table  5.20.  Tertiary  airblast  criteria,  surface  burst. 

Yield  (KT) 


0.01 

0.1 

1.0 

10.0 

100.0 

A.  Displacement  of  Prone 

Person 

in  Random  Orientation 

Impact  with  Non-Yield- 

ing  Surface  after  10  ft 

Overpressure 

(£sjl 

of  Body  Travel 

Threshold 

28.6 

17.9 

11.0 

7.5 

5.6 

BD50 

68.4 

31.3 

19.8 

12.6 

7.8 

LD50 

— 

79.2 

33.6 

20.3 

11.9 

Decelerative  Tumbling 

Threshold 

— 

58.5 

29.1 

18.0 

10.6 

BD50 

— 

— 

65.6 

28.8 

17.4 

LD50 

— 

— 

>100.0 

43.0 

24.0 

B.  Displacement  of  Stand 

ine  Person  Front 

- or  Back-On  to 

Wind 

Impact  with  Non-Yield- 
ing Surface  after  10  ft 
of  Body  Travel 

Threshold 

10.8 

6.6 

4.5 

3.3 

2.6 

BD50 

21.0 

12.4 

7.5 

5.2 

4.0 

LD50 

37.7 

22.6 

14.1 

8.6 

6.2 

Decelerative  Tumbling 

Threshold 

32.4 

19.9 

16.0 

7.6 

5.5 

bd50 

94.9 

35.6 

22.1 

14.3 

9.4 

“50 

67.5 

32.4 

21.2 

14.5 
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The  LDjg  velocities  thus  obtained  are  only  for  perpendicu- 
lar impact  with  a hard,  non-yielding  surface.  If  softer  surfaces 
were  considered,  a different  impact  velocity  would  be  necessary. 

This  in  turn  would  develop  a new  set  of  overpressure  values  for  the 
different  weapons.  In  1967  Schildt  (Ref.  5.51)  published  a test 
in  which  fatal  impact,  based  on  data  of  Richmond,  Bowen  and  White 
(Ref.  5.121),  were  calculated  at  9 m/sec  (29.5  ft/sec)  for  perpen- 
dicular impact  with  a hard,  non-yielding  surface.  Schildt  also  con- 
sidered the  impact  with  elastic  and  soft  material,  e.g.,  snow, 
bushes.  Schildt  did  not  indicate  velocities  which  were  considered 
for  the  elastic  or  soft  material,  but  for  a 1-KT  weapon,  the  LD,_0 
overpressures  were  11.0  and  29.4  psi,  respectively  (see  Figure  5.19, 
Table  5.21). 


if 


Table  5.21.  Peak  overpressures  (psi)  developing  lethal 

impact  with  various  surfaces.  LD,n  velocity 
“ 29.5  ft/sec  (from  Figure  5.5). 


1 KT 

10  KT 

100  KT 

Hard,  Non-yielding 

11.0 

7.1 

4.8 

Elastic  - decelerative  20.6 
force  one-half  of  A 

11.9 

7.9 

Soft  - snow,  bushes 

29.4 

19.1 

11.8 

An  estimate  of  the  LDjg 
material  and  soft  material  can 

velocities  for  impact  with  elastic 
be  obtained  from  the  overpressure 

data  of  Schildt  and  the  velocity/displacement  tables  of  Fletcher 
(Ref.  5.122).  This  yields  LDjq  velocities  for  perpendicular  im- 
pact of  29.5  ft/sec  for  a non-yielding  surface,  42  ft/sec  for  elas- 
tic material,  and  102  ft/sec  for  soft  material.  The  Lovelace  LD^g 
perpendicular  impact  velocity  value  for  non-yielding  surfaces  is 
18.6  percent  higher  than  that  of  Schildt  (35  ft/sec  vs.  29.5  ft/sec). 
If  the  Schildt  velocity  values  are  directly  scaled  from  the  single 
impact  velocity  value  of  Lovelace,  the  impact  velocities  become 
35  ft/sec  for  a non-yielding  surface,  50  ft/sec  for  elastic  material 
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and  120  ft/sec  for  soft  material.  For  these  velocities,  a 1-KT 
yield  will  produce  an  LDjq  for  non-yielding  surfaces  at  14  psi, 
elastic  material  at  18  psi,  and  soft  material  at  34  psi  (see 
Table  5.22). 

Table  5.22.  LD50  values  for  random  impact  with  various 
surfaces.  Calculated  for  surface  burst. 


Velocity 

(ft/sec) 


Peak  Overpressure 


Psi) 

100  KT 


Non- Yielding  35  22  14  9 6 

Elastic  Material  50  29  18  11  8 

Soft  Material  120  — 34  22  10.6 

NOTE:  This  is  Fletcher's  data  (35  ft/sec  for  LD,-) 
scaled  to  Schiidt's  data  for  impact  with 
various  surfaces. 

Fletcher  - Ref.  5.122 
Schildt  - Ref.  5.51 

The  complexity  of  the  problem  in  determining  lethal  impact 
velocities  can  be  illustrated  by  the  following.  For  a random 
orientation  upon  impact,  the  lethal  (LD5Q)  velocity  is  35  ft/sec, 
if  impact  is  made  with  a hard  non-yielding  surface.  For  a human 
subject  to  be  accelerated  to  this  velocity  the  required  over- 
pressure from  a 1 KT  surface  burst  weapon  is  14.0  psi,  if  the 
subject  were  initially  standing  back-  or  front-on  to  blast  wind. 
If  the  person  were  initially  prone,  in  a random  position,  the 
overpressure  necessary  to  accelerate  him  to  35  ft/sec  would  be 
33.3  ps»  for  a 1 KT  surface  burst.  The  problem  thus  becomes  Qore 
complex  in  three  ways:  1)  If  the  person  were  initially  standing 
sideways  or  reclining  prone  in  a specific  position,  such  as  head- 
on  to  the  advancing  blast  wave,  the  required  overpressure  to 
accelerate  the  person  to  35  fc/sec  would  depend  on  the  person's 
initial  orientation;  2)  if  the  person,  impacting  with  a hard 
non-yielding  surface,  impacts  with  a specific  orientation,  the 
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required  impact  velocity  would  depend  on  final  impact  orienta- 
tion of  the  person,  3)  if  the  person  impacted  with  a substance 
other  than  a hard  non-yielding  surface,  the  necessary  velocity 
for  lethality  would  be  increased. 

As  an  example  result,  a standing  person  hit  by  the  blast 
winds  of  a 1 KT  surface  burst  nuclear  weapon  would  experience 
the  following  peak  overpressure  for  a 507»  probability  of  fatal 
impact  due  to  translation,,  assuming  the  impact  occurs  within 
'vlO  ft  of  body  travel: 


1^.1  ± 0.6  psi 


Decelerative  Tumbling 


10  KT 

8-6  toll  psi 


The  response  of  man  to  impact  is  sensitive  to  the  amplitude 
(kinetic  energy  of  translating  body)  and  time  (suddenness  of 
deceleration)  characteristics  of  the  impact.  Because  cf  this, 
man's  burdening  and  lethal  limits  are  much  higher  for  decelera- 
tive tumbling  than  for  impact.  Tnis  relationship  of  casualties 
to  amplitude  and  time  characteristics  has  already  been  pointed 
out  in  the  lethal  impact  studies  of  man  against  different  sur- 
face hardnesses. 

The  relative  tolerance  of  the  human  body,  organs,  or 
tissue,  to  injury  is  related  to  the  mode  of  casualty  production 
(Ref.  5.108).  For  tertiary  blast  injury  (injuries  resulting  from 
whole-body  translation) , the  head  is  the  area  most  sensitive  to 
trauma  (see  Table  5.23).  Next  would  be  the  thorax  (the  heart 
and  major  veins  and  arteries),  while  the  abdomen  would  be  least 
sensitive.  This  categorization  is  under  extremely  ideal  condi- 
tions. For  the  translating  human  body,  the  relative  tolerance 
characteristics  will  depend  upon  the  terrain  over  which  the  body 
is  tumbling  and  the  orier.tation(s)  of  impact.  A blow  to  the 
abdomen  due  to  the  body  striking  a projecting  object  will  mimic 
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a secondary  blast  injury  (injuries  due  to  debris  impacting  with 
the  body),  in  which  case  the  abdomen  is  more  sensitive.  If  the 
angle  of  impact  is  low,  the  body  will  be  able  to  "skip"  along 
the  surface,  releasing  kinetic  energy  in  a number  of  impacts  and 
thus  minimizing  the  seriousness  of  each  blow.  These  relationships 
tend  to  complicate  any  attempt  to  establish  burdening  or  lethal 
limits  to  decelerative  tumbling. 


Table  5.23.  Tolerance  of  organs  to  three  types  of  blast 
effects.  (Most  sensitive  organ  first  one 
in  series.!  Ref.  5. 108 

Primary  : 

(blast  overpressure) 


Secondary : 

(blast  accelerated 
missiles) 


Tertiary: 

(whole-body) 
translation) 

The  Lovelace  Foundation  has  estimated  a peak  velocity 
during  displacement  of  120  ft/sec  would  result  in  a 957.  probabil- 
ity of  burdening  injury  from  decelerative  tumbling  (see  Section  5.3.4 
on  Burdening  Effects  for  burdening  injuries).  For  impact, 

Fletcher  (Ref.  5.122)  has  indicated  a 957.  probability  of  injury 
is  approximately  equivalent  to  a 57.  probability  of  mortality. 

If  the  same  correlation  exists  for  decelerative  tumbling,  then  5 7. 
mortality  would  be  in  the  region  of  120  ft/sec.  If  a regression 
analysis  is  now  performed  in  which  the  slope  for  the  lethality 
curve  for  decelerative  tumbling  is  assumed  to  be  the  same  as  that 
for  lethal  impact,  the  LDjq  for  decelerative  tumbling  falls  at 


1)  lungs  and  circulatory  system, 

2)  gut, 

3)  liver  and  spleen, 

4)  central  nervous  system 

1)  liver,  spleen,  kidney, 

2)  central  nervous  system. 

3)  heart  and  great  vessels 

1)  central  nervous  system,  (brain  and  spinal 

2)  great  vessels,  column)  i 

3)  liver.  5 
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148  ft/sec  (see  Figure  5 20).  Peak  overpressures  which  develop 
peak  human  translation  velocities  of  148  ft/sec  are  derived  from 
the  veiocity/displacement  tables  of  Fletcher,  and  the  results  are 
39.6  psi  for  a 1 KT  weapon  and  25.4  psi  for  a 10  KT  weapon. 

From  a study  (Ref.  5.123)  in  which  goats  were  translated 
from  blast  tubes,  a LDjq  peak  velocity  for  decelerative  tumbling 
was  80  ft/sec.  Using  this  value  and  the  slope  of  the  lethality 
curve  for  impact,  at  777.  casualty  the  BD  and  LD  curves  for 
decelerative  tumbling  cross  each  other  (see  Figure  5 21).  In  other 
words,  above  777.,  or  88  ft/sac,  all  decelerative/ tumbling  casual- 
ties have  a greater  probability  of  being  fatal  injuries  than  ser- 
ious injuries.  It  is  interesting  that  these  two  curves  would 
cross  at  88  ft/sec  in  that  this  is  the  maximum  velocity  to  which 
dogs  and  goats  were  subjected  during  decelerative  tumbling 
investigations  by  the  Lovelace  Foundation  (Ref.  5.118).  During 
these  investigations,  no  significant  mortality  was  detected  below 
88  ft/sec. 

Since  the  body  is  subjected  to  multiple  impacts  with  de- 
celerative tumbling,  the  slope  of  a line,  which  represents  this 
effect,  may  not  necessarily  follow  the  same  slope  as  that  for  a 
line  which  represents  a single  impact.  On  the  basis  of  animal 
studies,  the  Lovelace  Foundation  (Ref.  5.122)  has  tentatively 
assigned  the  same  value  for  burdening  injuries  whether  the 
casualty  is  due  to  impact  or  decelerative  tumbling.  A source  of 
possible  error  may  be  the  animals  employed  (Ref.  5.118).  The 
sheep  are,  to  some  degree,  a round  animal  and  tend  to  roll  upon 
impacting  with  the  surface.  Also,  sheep,  goats,  and  dogs  are  all 
quadrupeds  and  give  different  structural/strain  characteristics 
than  would  be  found  in  a biped.  For  example,  a difference  in 
flight  motion  characteristics  was  noted  between  anthropomorphic 
dummies  and  goats  during  translation  studies.  When  considering 
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Peak  Velocity  (ft/sec) 


Figure  5*20.  Probabiiit}  of  burdening  and  lethal 

velocities  for  casualties  due  to  sudden 
impact  (hard  non-yielding  surface)  or 
deceierative  tumbling. 


Casualty  from  Decelerative  Tumbling 


f 


the  goat  data  that  were  originally  employed  to  determine  a LDjq 
of  80  ft/sec  for  decelerative  tumbling,  the  animals  did  not  re- 
main low  to  the  ground  when  air-blasted  from  shock  tubes.  Instead, 
they  were  observed  to  be  lofted  into  the  air.  This  lofting  tends 
to  result  in  an  impact  rather  than  decelerative  tumbling.  From 
this,  it  follows  that  the  80  ft/sec  value  for  decelerative  tumbling 
may  not  be  the  proper  value  for  this  casualty. 

It  would  seem  at  this  point  that,  for  decelerative  tumbling, 
LDjq  occurs  somewhere  between  peak  velocities  of  80  and  148  ft/ 
sec.  The  arithmetic  mean  of  this  is  114  ft/sec.  At  114  ft/sec, 
the  peak  overpressures  from  a 1 KT  weapon  which  generate  this 
peak  velocity  are  32.5  psi  for  a standing  person  ar.d  over  100  psi 
for  a prone,  randomly  oriented  person  (Table  5.24).  At  a peak  over- 
pressure of  100  psi,  the  probability  of  death  from  the  primary 
effect  of  overpressure  is  approximately  1007.  (see  Table  5.7). 

From  this,  it  appears  that  uncertainties  in  translational  effects 
which  occur  at  peak  overpressures  greater  than  100  psi  may  not 
be  critical  since  fatalities  would  also  result  from  the  direct 
effects  of  these  overpressures. 

Table  5.24.  Probability  of  lethality  from  decelerative 
tumbling  generated  by  blast  overpressure  - 
based  on  LD5Q  peak  velocity  of  114  ft/sec. 


i . 

Peak 

Overpressure 

(psi) 

A Orientation 

0.1  KT 

1.0  KT 

10  KT 

100  KT 

> Standing  fror.t-or 

£ back-on  to  wind 

67.5 

32.5 

21.2 

14.5 

i-  i Prone,  random 

J ( orientation 

>100 

V 

o 

o 

42.8 

24.0 

Burdening  Injury 

Impact 

For  whole-body  translation  which  terminates  in  impact  with 
a solid,  non-yielding  surface,  the  velocity  which  results  in  a 
burdening  injury  to  50%  of  a population  (BDjq)  has  been  estimated 
by  the  US  Army  Combat  Development  Command  as  22  ft/sec  (Ref. 

5.103).  The  BDjq  velocity  was  estimated  from  the  velocity  which 
produces  a 1%  mortality  in  animal  population.  This  relationship 
was  assumed  from  earlier  animal  studies  by  the  Lovelace  Foundation 
(Ref.  5.93),  which  indicated  that  impact  with  a non-yielding  sur- 
face that  resulted  in  17.  mortality  within  an  animal  population 
developed  burdening  injuries  in  approximately  50%  of  the  surviving 
population.  From  a probit  analysis  of  accident  and  suicide  data, 
the  human  LDy^  velocity  was  found  to  be  22  ft/sec  (Ref.  5 124) . 
Assuming  the  l%/50%  mortality /burdening  relationship,  the  BDjq 
velocity  for  man  is  22  ft/sec  (Ref.  5.124).  One  problem  arising 
from  this  study  concerns  the  suicide  data.  The  information  used 
for  this  analysis  was  biased  in  that  most  of  the  victims  landed 
feet  first.  If  a more  random  impact  situation  is  considered,  the 
22  ft/sec  value  would  prove  to  be  too  high. 

In  1968  Hirsch  (Ref.  5.125)  published  a paper  on  the  tol- 
erance of  man  to  impact.  The  data  were  based  on  studies  of  human 
volunteers  and  accident  victims.  It  was  found  that  at  20  ft/sec 
there  was  an  almost  certain  probability  of  impact  injury  (BDq^) 
and  a likelihood  of  some  fatality  (LDqj) . The  studies  also 
indicated  a BDq^  value  of  10  ft/sec.  From  these  data,  it  is 
apparent  that  the  mortality /burdening  relationship  (LDq^  •>  BD^q) 
is  not  appropriate  for  human  data.  Based  on  the  data  of  Hirsch 
(Ref.  5.125),,  Fletcher  in  1975  (Ref.  5.122)  found  a BDjq  value  cf 
15.4  ft/sec.  This  information  is  in  agreement  with  White’s  update  to 
"Effects  of  Nuclear  Weapons"  (Ref.  5.94),  where  impacts  were  indi- 
cated to  be  mostly  "safe"  at  10  ft/sec.  In  terms  of  burdening  injury. 
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Fletcher  (Ref.  5.122)  further  refined  the  data  of  Hirsch  and  com- 
bined these  data  with  those  of  experiments  with  sheep.  The 
results  from  a probit  analysis  established  BDq^  as  6.5  ft/sec, 

BD^q  as  15.4  ft/sec,  and  BDgj  as  28.4  ft/sec  (see  Table  5.17). 

The  1975  impact  data  of  Fletcher  in  Table  5 .17  are  for  com- 
bined orientations.  If  BDjq  is  considered  for  specific  orienta- 
tions at  impact,  the  velocity  values,  based  on  sheep  data,  range 
from  12.1  ft/sec  for  a prone  orientation  at  impact  to  20.5  ft/sec 
for  a supine  orientation  at  impact  (Ref.  5.122). 

If  the  velocities  for  burdening  injury  are  compared  to  the 
velocity/displacement  data  of  Fletcher,  the  peak  overpressure  for 
a BD50  at  1 KT  and  10  KT  are  7.5  psi  and  4.2  psi,  respectively. 

Decelerative  Tumbling 


In  1971,  the  USACDC  (Ref.  5.103)  indicated  that  a peak  velo 
city  of  63  ft/sec  would  produce  a burdening  injury  from  decelera- 
tive tumbling  in  at  least  337.  of  the  personnel  involved.  This 
estimate  was  derived  from  a direct  scaling  of  goat  data  to  human 
probabilities  and  is  based  on  studies  incorporating  goats  :ub- 
jected  to  shock  tube  accelerations.  The  63  ft/sec  velocity  was 
located  on  an  impact  probability  table,  and  a regression  line 
parallel  to  that  for  burdening  impact  drawn  through  the  new  velo- 
city point,  this  new  regression  line  indicated  a BDjq  value  for 
decelerative  tumbling  of  76  ft/sec.  From  the  same  regression 
line,  the  BD^q  peak  velocity  is  20  ft/sec,  BD<jj  is  146  ft/sac, 
and  BD^  is  192  ft/sec.  When  the  peak  velocity  values  were 
applied  to  USACDC  overpressure  curves  for  various  weapon  yields, 
the  BDjQ  for  1 KT  was  37  psi  and  for  10  KT  was  33  psi. 

Fletcher  (Ref.  5.122)  in  1975  determined  translation 
characteristics  for  decelerative  tumbling  from  studies  of  anthro. 
pomorphic  dummies  and  goats  subjected  to  blast  winds  of  nuclear 
explosions  and  high  explosive  detonations.  From  the  impact 
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studies  of  Hirsch  (Ref.  5.125),  a base  value  for  decelerative 
tumbling  was  estimated.  A regression  line  parallel  to  the  impact 
regression  line  of  the  Fletcher  study  produced  a set  of  casualty 
probabilities  for  decelerative  tumbling  over  open  terrain: 

BDg^  « 28.8  ft/sec,  BD^q  « 66.4  ft/sec  and  BD^j  = 120  ft/s ec. 

The  data  of  Fletcher  establish  a BDjq  peak  velocity  of 
about  10  ft/sec  lower  than  the  USACDC  values . For  PD^g  peak 
overpressures,  the  data  and  graphs  of  USACDC  indicate  37  psi 
for  a 1 KT  yield  and  22  psi  for  10  KT.  The  data  of  Fletcher 
indicate  22.1  psi  at  1 KT  and  14.3  psi  at  10  KT  (see  Table  5.25). 


Table  5.25.  Decelerative  tumbling  resulting  in 
burdening  injury  to  50  percent  cf  a 
population. 


Peak 

Velocity 

(ft/sec) 

Overpressure 

(psi) 

Source 

1_KT 

10  KT 

Army  Combat 
Developments  Command 

76 

37 

22 

Fletcher,  1975 

66.4 

22.1 

14.3 

5.4.5  Structural  Collapse  and  Debris 

While  the  previously  discussed,  individual  airblast 
effects  are  moderately  well  quantifiable,  the  causes  of  injuries 
and  mortality  to  personnel  located  inside  structures  are 
extremely  varied  and  interrelated.  The  possible  effects  include 
direct  overpressure,  glass,  high-velocity  debris,  wlicle-body 
translation  (with  tumbling  and/or  impact/,  floor  sweep,  and 
structural  collapse  (low-velocity  debris) . Most  of  these  effects 
are  yield  dependent.  The  higher  overpressure  vulnerabilities  for 
some  effects  at  smaller  weapon  yields  reflect,  among  other  things, 
the  lower  damage  produced  at  a given  overpressure  level  by  dynamic 
impulse  or  drag  loading  due  to  the  shorter  blast  wave  duration  of 
small  yield  weapons.  (More  generally,  the  yield  dependence  of 
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these  damage  functions  implicitly  reflects  their  dependence  on 
other  blast  wave  parameters,  such  as  its  duration,  and  accounts 
for  the  fact  that  few  casualty  producing  mechanisms  depend  solely 
on  peak  overpressure.)  The  yielo  dependence  of  these  damage 
mechanisms  also  illustrates  that  effective  values  for  combined 
blast  effects,  which  have  been  calculated  at  large  yields  (vl  MT) 
and  indexed  to  peak  overpressure,  will  be  likely  to  substantially 
overestimate  blast  casualties  if  they  are  adopted  directly  for 
lew-yield  weapons. 

One  method  which  has  been  frequently  used  to  scale 
personnel  blast  vulneraoili ties  with  weapon  yield  is  to  adopt 
the  same  scaling  laws  appropriate  for  blast  damage  to  the  structures 
within  which  the  people  are  located.  A basic  weakness  of  this 
approach  is  that  it  does  not  treat  in  sufficient  detail  the  actual, 
unde,  lying  mecr.anisms  responsible  for  producing  casualties  which 
have  different  yield  dependences  For  example,  a person  on  an 
upper  floor  of  a typical,  weak  walled  multistory  building  may  be 
swept  out  of  the  building  oy  the  first  part  of  the  blast  wave 
and  be  killed  by  impact  with  the  ground.  The  blast  winds  that 
then  follow  may  or  may  not  load  the  skeleton  frame  of  the  building 
left  behind  to  an  extent  sufficenl  to  bend  or  collapse  the  struc- 
tural members.  The  latter  effect  i3  the  one  described  by  conven- 
tional data  for  damage  to  structures,  not  the  first  effect  that,  in 
this  case,  actually  produces  the  fatality. 


While  each  of  the  component  effects  can  be  handled, 
the  combination  requires  a methodology  such  as  the  Monte  Carlo 
approach  of  Lonj.inow  ar.d  Ojdrivich  or  the  mechanistic  probability 
approach  of  Fricke  (Ref.  5.70).  Since  the  Monte  Carlo  analysis 
is  not  appropriate  for  the  lower  yields,  we  will  adopt  Fricke’s 
values  recognizing  that  further  refinements  should  be  undertaken 
to  reduce  the  large  uncertainties,  especially  at  the  lower  yields. 
Table  5.20  presents  a summary  of  the  airblast  LDjq  and  KDjq  values 
for  personnel  in  various  structures  (glass  Co  be  considered 
I separately) . 
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5.4.6  Summary  of  Effects  (Tentative  Estimates 


Tables  5.27,  5.28,  and  5.29  summarize  the  human  response 
probability  for  personnel  subjected  to  the  various  effects  of 
airblast.  The  list  is  far  from  complete  and  most  values  are 
still  tentative  estimations  from  presently  available  data. 
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Table  5.27.  Summary  Primary  Airblast  Effects  on  Man 
(overpressure  in  psi). 

Yield  (KT) 


0.01 

0.1 

1.0 

10 

100 

1000 

Whole  Body 

Prone  (parallel  to 

shock  wave) 

LD01 

47 

44 

42 

41 

40 

40 

LD50 

74 

68 

64 

63 

62 

62 

ld99 

125 

115 

100 

97 

94 

93 

Standing  or  Prone 

(perpendicular  to 

shock  wave) 

LD01 

30 

29 

28 

27 

27 

27 

LDS0 

42 

40 

38 

37 

37 

37 

LD99 

60 

55 

53 

52 

51 

51  ! 

Thorax  Near 

, 

Reflecting  Surface 

LD01 

17 

16 

15 

15 

14 

14 

LDS0 

23 

22 

22 

21 

21 

21  ! 

ld99 

32 

30 

29 

28 

28 

28  | 

Lung 

j 

Threshold 

BD01 



• 12  :i  - 



Severe 

BD85 

•* 

■ 25+  5 ~ 

Eardrums 

BD01 



5 — 

► 

BD50 



— 

■ 15-20  — 

► 

BD99 

— 

*35  - 

► 

' Unless  otherwise  noted,  estimated  uncertainties  are  of  the  order 

I ! of  +15%  for  1.0  KT  and  above,  and  +207.  for  0.1  KT  and  below. 


Table  5.28.  Summary  of  Secondary  Airblast  Effects  on 
Man  (peak  overpressure  in  psi). 


Yield 

(KT) 

0.01 

0.1 

1.0 

10 

100 

1000 

Blunt  Trauma 

Whole  Body-Standing 
Solid  Object 

1 pound 

LD50 

157 

76 

31 

19 

11 

9 

BD50 

74 

40 

18 

12 

7 

6 

5 pound 

LD50 

134 

61 

24 

15 

9 

6 

BD50 

63 

32 

14 

9 

6 

4 

10  pound 

LD50 

106 

53 

20 

13 

8 

5 

Penetrating  Trauma 
Whole  Body 

BD50 

50 

28 

12 

8 

5 

5 

Metal  Sphere 

LD50 

BD50 

89 

78 

69 

61 

54 

50 

(58  mg) 

76 

68 

62 

56 

50 

47 

Metal  fragment 

LD50 

97 

85 

75 

65 

58 

54 

(58  mg) 

BB50 

83 

74 

67 

60 

54 

51 

Stone  Masses 

0.  t gm 

LD50 

84 

75 

66 

58 

51 

48 

BD50 

72 

65 

59 

53 

48 

45 

1.0  gm 

I,D5o 

80 

71 

64 

56 

50 

46 

B05O 

68 

62 

57 

51 

47 

43 

10.0  gm 

LD50 

?3 

61 

52 

45 

37 

32 

ducting  Trauma 

Glass 

BD50 

’uI>50 

BD50 

62 

53  46 

41 

35 

30 

• Uncertainties  are  +1  • '07.  for  secondary  airblast  effects  at  all 
yields. 


• LD5Q  data  for  penetrating  tauma  is  BD5Q  level  if  Medical  Care 
not  available  or  vital  organ  hit  (e.g.,  heart)  - Otherwise  LD 
values  are  related  to  probability  of  number  o 2 penetrations 
and/or  velocity  of  missile. 


Table  5.29.  Summary  of  Tertiary  Airblast  Effects  on 
Man  (peak  overpressure  in  psi). 


Yield 

(KT) 

Whole  Body  Impact 

0.01 

0.1 

1.0 

10 

100 

1000 

Standing 

Non  Yielding  Surface 

LD01 

:>i 

19 

11 

7 

5 

4 

LD50 

38 

22 

14 

9 

6 

5 

LD99 

53 

27 

17 

11 

/ 

6 

BD01 

11 

7 

5 

3 

3 

2 

B°50 

21 

13 

8 

4 

4 

3 

BD99 

35 

21 

13 

8 

6 

5 

Elastic  Material 

LD50 

59 

29 

18 

11 

8 

6 

Soft  Material 

LD50 

— 

74 

34 

22 

a 

8 

Prone-Random  Orientation 

Non  Yielding  Surface  LD.q 

.. 

79 

34 

20 

12 

3 

BD50 

68 

31 

20 

13 

8 

6 

Decelerative  Tumbling 
(open  terrain) 

Standing 

LD01 

— 

55 

29 

19 

13 

8 

L0?0 

-- 

68 

33 

21 

15 

10 

LD99 

-- 

97 

38 

24 

u 

12 

BD01 

32 

20 

16 

8 

6 

4 

BD50 

95 

36 

22 

14 

9 

7 

BD59 

— 

74 

34 

22 

15 

11 

Prone 

LD50 

— 

— 

>100 

43 

24 

16 

^0 

— 

-- 

66 

29 

17 

11 

Uncertainties  are  of 

the  order  of  +157. 

for  0. 1 

KT  and 

above , 

and 

+307.  for  C.01  KT. 
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DETAILED  DOSE  CALCULATIONS 
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A study  is  in  progress  to  produce  * methodology  for  | 

determining  the  probability  of  early  radiation  mortality  in  ? 

reference  man  resulting  from  a single  acute  exposure  to  nuclear  i 

weapons  radiation.  Early  radiation  mortality  is  defined  as 
death  attributable  to  specific  high- intensity  exposures  with- 
in 60  days  after  irradiation.  This  phenomenon  results  from  the  ; 

collapse  of  the  blood  forming  (red  marrow)  regions  of  the  body. 

The  approach  used  to  attain  the  above  objective  is  to 
correlate  the  probability  of  early  radiation  mortality  in  man  5 

and  laboratory  animals  on  the  basis  of  dose  to  the  red  marrow. 

Miniature  pigs  and  rhesus  monkeys  have  been  exposed  to  photon 
and  aixed  neutron-photon  radiation  at  the  Armed  Forces  Radio- 
biological Research  Institute  (AFFRI)  and  the  effects  reported 
as  a function  of  midline  tissue  dose  (Refs.  5.126.  5.127,  5.128) 

This  project  makes  use  of  the  MORSE  Monte  Carlo  radiation  trans- 
port computer  code  (Ref.  5.129)  to  duplicate  these  experiments, 
analytically,  thereby  enabling  the  determination  of  the  doses 
received  by  the  red  marrow,  a quantity  not  measured  in  the  orig- 
inal experiment.  Experimental  environments  are  determined  from 
previously  reported  calculations  and  measurements  applicable  to 
the  AFRRI  TRIGA  reactor  (Refs.  5.130,  5.131,  5.132)  and  x-radia- 
tion (Ref.  5.133)  sources.  Physical  models  of  the  miniature 
pig  and  rhesus  monkey  are  based  on  the  gross  descriptions  of 
the  subjects  as  given  in  the  experiment  reports.  This  material 
nas  been  augmented  by  the  study  of  frozen  section  of  specimens 
•similar  co  thosa  used  in  the  actual  experiment  (Ref.  6.134).  Nr. 
attempt  is  made  to  obtain  absolute  red  marrow  dose  values  from 
these  calculations,  instead,  calculated  values  are  normalized  to  dose 
"alues  measured  at  specific  points  within  the  subjects  in  the  actual 
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experiments.  In  one  experiment  (Ref.  5.126)  rhesus  monkeys 
were  exposed  to  both  pure  photon  and  mixed  neutron-photon 
radiation  under  otherwise  identical  experimental  conditions. 
Analysis  of  this  experiment  is  intended  to  serve  the  additional 
goal  of  estimating  the  relative  biological  effectiveness  (RBE) 
of  neutrons  versus  photons  for  producing  the  early  radiation 
mortality  phenomenon. 

This  project  makes  use  of  the  HORSE  code  (Ref.  5.129)  in  its 
adjoint  mode  to  calculate  dose  to  Lhe  red  marrow  resulting  from  ex- 
posure to  nuclear  weapons  radiation,  m such  a calculation  ail 
nuclear  cross  section  matrices  are  inverted,  allowing  the  code 
to  follow  neutrons  and  photons  in  reverse  direction,  i.e.,  from 
deposition  region  to  radiation  source  rather  than  vice  versa. 

Particles  are  sampled  from  the  appropriate  response  func- 
tion for  depositing  dose  in  the  region  of  interest  (in  this  case 
the  red  marrow)  and  are  followed  through  all  reac'  ions  which 
may  occur  until  they  pass  through  a spherical  surface  surrounding 
the  man,  where  particle  energy  and  direction  are  recorded. 

This  process  effectively  modifies  the  initial  response  function 
to  account  for  transport  through  the  system.  Thus,  the 
result  is  also  a response  function  which  nay  be  combined 
with  any  arbitrary  radiation  field  to  obtain  a dose  value 
tor  that  field.  This  may  be  done  providing  that  man  does  not 
significantly  perturb  the  radiation  field  by  his  presence.  In 
the  case  of  man  standing  on  an  open  plane  this  is  a good  assump- 
tion. For  the  purpose  of  this  study  a model  of  an  adult  male 
has  been  produced  in  Combinatorial  Geometry.  This  model  has 
been  adapted  from  one  reported  earlier  by  W.S.  Snyder,  et  al., 

(Ref.  5.135)  and  is  based  on  international  reference  man  (Ref. 
5.136).  The  exterior  configuration  of  the  male  model  is  shown 
in  Figure  5.22. 
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Figure  5.22.  The  adult  human  phantom. 


Progress  under  this  project  to  date  consists  of  the  com- 
pletion of  calculations  of  photon  dose-response  for  98.4%  of 
the  red  marrow  in  man.  The  distribution  of  red  marrow  in  the 
body  is  shown  in  Figure  5-23.  Response  values  thus  obtained 
have  been  followed  by  energv  group  with  radiation  environment 
data  consisting  of  the  angle-integrated  neutron-induced  gamma- 
ray  fluence  calculated  at  the  air-ground  interface  1200  meters 
from  an  unmoderated  (Watt)  fission  neutron  source  located  at  a 
height  of  50  ft  (Ref.  5.137).  This  secondary  gamma-ray  field 
approximates  that  produced  by  a low-yield  boosted  fission  wea- 
pon at  a similar  range  and  results  in  an  average  marrow  dose 
of  4.0E-23*  rad(marrow)  per  source  neutron.  In  the  absence 
of  man  the  neutron- induced  gamma  dose  at  the  same  point  is  cal- 
culated to  be  5.83E-23  rad  (tis,  free-in-air)  per  source 
neutron.  Therefore,  for  this  particular  environment  the  dose/ 
exposure  conversion  factor  is  0.686  rad  (marrow)  per  rad  (tis, 
free-in-air) . 

Published  estimates  of  the  exposed  population  fraction 
succumbing  to  a lethal  dose  to  the  red  marrow  give  the  50  per- 
centile (LD5q)  value  as  350  rads  (marrow)  (Ref.  5.35),  assum- 
ing the  availability  of  only  minimal  medical  treatment.  This 
means  that  for  an  environment  having  the  characteristics  of 
the  one  described  above,  exposure  to  the  secondary  gamma-ray 
component  alone  would  require  a level  of  495  rad  (tis,  free-in- 
air)  to  produce  an  average  marrow  dose  having  the  LDjg  value. 

Efforts  are  now  underway  to  calculate  the  tnariow  dose 
produced  by  incident  neutrons.  This  problem  has  some  rather 
unique  features  in  that  mar  is  essentially  a column  of  water 
ar.d  as  such  can  trap  neutrons,  rapidly  reducing  them  in  energy 
by  scatter  with  hydrogen,  then  allow  them  to  scatter  many  times 


*Read  as  4.0  x 10"23. 


i m m --.v — . ■v  ■ . - 


/r* 

M: 


Sr-gggyj  j 

[y&fifr  i J 

if  « il 
4 4 
1 i 


SKULL  !3  | % 

VERTEBRAE  28.4  % 

RIBS  + STERNUM  10.2  7^ 

SCAPULAE  4.8% 

HEAD  AND  NECK 

OF  BOTH  ARMS  u0% 

BOTH  CLAVICLES  1.6  % 

HEAO  AND  NECK 

OP  B07M  LEGS  ''•3% 

PELVIS  36.  ? 7a 

TOTAL  AMOUNT  OP  RED  BONE 
MARROW:  I5C0  q 

EH  RED  BONE  MARROW 


•xf 

Frysc\\ i 


) I 

#4. 


Figure  5.23.  Idealized  model  of  the  skeleton  for  computer 
calculations  (left)  and  a more  realistic 
representation  (right)  with  percentages  of 
red  bone  marrow  found  in  the  shaded  portions 
of  the  bones.  Clavicles  and  scapulae  not 
shown  in  phantom. 


before  they  are  captured.  Following  particles  in  the  adjoint 
mode,  this  translates  into  the  problem  of  having  to  follow  a 
low-energy  neutron  through  many  scattering  events  before  it 
finally  escapes  the  system  and  is  counted.  Several  schemes 
for  reducing  the  statistical  variance  of  the  calculated  neutron 
response  are  being  tested;  however,  initial  estimates  indicate 
that,  in  terms  of  converting  free-in-air  dose  to  marrow  dose, 
neutrons  are  somewhat  more  effective  than  gamma  rays. 

All  results  obtained  to  date  are  preliminary  with 
significantly  more  study  required  to  fully  understand  the 
already  large  body  of  data  amassed.  In  the  meantime  work 
is  underway  to  complete  the  skeletal  detail  of  the  miniature 
pig  and  rhesus  monkey  models.  On  completion  of  these  models 
marrow  dose  received  by  the  experimental  subjects  will  be 
determined  and  correlated  with  their  response.  Further  cor- 
relation of  these  dose/response  relationships  with  weapons 
radiation  deposited  dose  in  reference  man  will  fulfill  the 
goals  originally  set  for  this  project. 


5 . 6 COMBINED  INJURIES 
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Studies  are  now  in  progress,  primarily  at  AFRRI,  on  the 
effects  of  combined  injuries.  Results  from  these  studies  are 
not  yet  available;  however,  we  have  made  some  highly  prelimi- 
nary estimates  of  the  potential  impact  of  combined  injuries 
on  damage  functions  for  civilian  personnel.  These  estimates 
will  be  appropriately  refined  as  the  results  of  more  thorough 
studies  become  available. 

Selected  references  (Refs.  5.52  and  5.138-5.154  were  con- 
sulted for  these  preliminary  estimates.  Many  of  the  papers  showed 
adaptation  (or  "antagonistic")  effects,  where  small  trauma  in- 
creased resistance  to  subsequent  larger  trauma;  and  the  major- 
ity of  che  studies  involving  ionizing  radiation  showed  very 
large  synergistic  effects  when  other  trauma  were  introduced 
later  (periods  of  days)  than  the  exposure  to  ionizating  radia- 
tion. Here,  we  concern  ourselves  only  with  untreated  and 
essentially  simultaneous  ("same  day")  injuries,  Che  different 
injuries  usually  being  inflicted  within  about  2 hrs.  A brief 
indication  of  the  major  results  of  a few  of  these  articles  is 
given  below.  These  results,  together  with  general  impressions 
obtained  from  the  other  references  listed,  have  formed  the 
basis  for  some  combined  injury  criteria  u3ed  in  the  present 
examination  (Sections  5.6.5  and  5.6.6) 

5.6  1 Hot.  Dust  Laden  Air 

A cursory  examination  of  data  (Ref  5 140)  from  seven 
weapons  tests  (low  air  bursts  with  yields  from  10  to  37  KT) 
involving  a variety  of  shelter  types  suggests  that  this  effect 
will  not  be  a dominant  casualty  mechanism  for  the  weapon  yields 
and  sheltering,  situations  of  greatest  present  interest  Viz 
at  ranges  where  significant  bums  might  be  expected,  supra 
lethal  doses  of  ionizing  radiation  would  also  be  t .pact'  . 


Consequently,  we  do  not  pursue  this  further  here  with  regard 
to  combined  injuries.  However,  for  deep  shelter  situations, 
such  as  tunnels  or  subways,  this  effect  may  well  deserve  fur- 
ther examination. 

5.6.2  Airblast  and  Thermal  Radiation 


Most  of  the  data  reviewed  or.  the  combination  of  these 
trauma  indicates  little,  if  any,  "combined  injury"  effect;  by 
combined  injury  we  mean  any  addition  of  casualty  probabilities 
P other  chan  the  usual  one  that  assumes  the  effects  { i } ere 
independent,  P t = 1 - n,(l  - P^).  Indeed,  in  one  experiment 
(Ref. 5.140)  on  rats,  where  a sub-lethal  flash  bum  (6  cal/cc^. 
30%  area)  was  combined  with  direct  (lung  damage)  blast  injury 
in  the  lethal  range  (^-30- 35  psi),  a general  antagonistic  trend 
(a  reduction  in  mortality)  was  observed. 

5.6.3  Airblast  and  Ionizing  Radiation 


Direct,  or  Pritnar 


R.K.  Jones,  et  al. , (Rer.  5.1411.  Sheep  exposed  to 
HE  blast  (145  psi)  plus  reactor  radiation  (422  rad. 
n/y  » 5). 

a No  fatalities  in  60  days  from  radiation  alone 

• 257.  fatalities  from  blast  alone 

• 507.  fatalities  from  both  blast  and  radiation. 

Lovelace  Data.  (Ref.  5. 140).  Sheep  exposed  to  blast 
(40  psi)  plus  ®®Co  gamma  radiation  (325  rad). 

• 25%  fatalities  in  50  days  from  radiation  alone 

• 15%  fatalities  from  blast  alone 

• 15%  fatalities  from  both  blast  ar.d  radiation. 
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L.  Koslowskl  and  D.  Messerschmidt  (Ref.  5.142;.  NMRI 
mice  exposed  to  open  wounds  (57.  body  area,  skin  removed) 
end  x-rays  (510  rad). 

• 267.  Natalities  from  radiation  alone 

• 67.  fatalities  from  .round  alone 

• 327.  fatalities  from  both  wound  and  radiation. 


W.H.  Moncrief.  Jr.  (Ref.  5.145).  Ceneral  review 
article;  comments  follow  on  closed  wounds; 


"Clinically,  soft- tissue  wounds  are  relatively  un- 
affected by  radiation  if  wound  infection  is  not  a 
nroblem,  that  is,  in  the  closed  wound. .. . Closed 
fractures  hear  uneventfully  when  complicated  by 
whole-body  irradiation....  The  problem  of  the 
compound  fracture  is  the  problem  of  the  soft-tissue 
wound. " 


(Thi3  article,  along  with  many  others,  emphasizes 
that  surgical  procedures  carried  out  during  the  res- 
ponse to  radiation  will  add  to  the  patient's  morbidity. 
This  affects  studies  concerned  with  the  load  on  medical 
care  facilities,  since  surgery  may  be  restricted  for 
considerable  periods  of  tine.) 


m- 


5.6.4  Thermal  and  Ionizing  Radiation 
Flash  Bur ns. 


R.K.  Jones  (Ref  3 141)  Swine  exposed  to  thermal 
flash  (30  cal/c'n^,  15-207.  body  area)  and  reactor 
(n  + y)  radiation 

• No  fatalities  in  6U  days  fro aurn  alone 

• 13%  localities  is  bj  <s*>*  “f'.®  25r  rad  alone 

• 67%  fatalities  iss  40  da*>s  from  612  rad  alone 

• 29%  facalicies  froit  both  burn  and  554  rad 

• 54%  fatalities  from  both  bum  and  612  rad. 

H,  Baxter,  et  al.  (Ref  5 152)  Yorkshire  swine 
exposed  to  thermal  flash  (10-15%  body  area>  and 
x-rays  (400  rad1) 

• No  fatalities  from  bum  alone 

• 20%  fatalities  m 30  davs  from  x-rays  alone 

• 907.  fatalities  in  30  days  from  both  bum  sr.d  >— ravs 

H.  Baxter,  et  ai  (Ref  5. 152.)  Above  result  for  ex- 
posure to  both  bum  and  x-rays  '907  fatalities) 
reduced  to  (20%)  fatalities  expected  from  x-rays 
alone  by  Treatment  with  screatomvein. 

J.D  Reid,  et  al.  06ef  5 . t a..  . Dogs  exposec  to 
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thermal  flash  (8  caLrcrr , 1 sec  per  application,  20% 
body  area,  deep  second-degree  burn)  piis  100  rad  x- 
rays;  order  to  exposures  (thermal  or  x-rays  '‘irrr) 
produced  no  tdbfferencp 

• 12%  fatalities  from  bum  alone 

• 72S  fatalities  from  bath  burn  and  s—rays 

• Conclusion  was  that  x-rays  did  not  aredispose 
animals  to  bacteremia  but  by  depression  of 
defense  mechanisms , as  evidence  re  ear t by 
leukopenia,  «Ho»ed  more  virulent  ssgaarsms 
to  enter  and  procuce  a fatal  septicemia.  The 
site  of  the  tissue  injury,  and  the  local  flora 
therein.,  appeared  to  determine  the  ryne  of  invading 
bacteria. 


Fiash  Barns,  with  Direct  Airblast 

Lovelace  Data  (Ref.  5.140).  Rats  exposed  to  flash  born 
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(6.3  cal/cm  over  25-307.  body  area)  plus  reactor 
(n/v  " 5)  radiatior.  Variatior  in  mid-lethal  (shock 
tube,  long  duration)  overpressure  observed: 

• Blast  only,  LDjq  (blast)  “ 30.9  psi 

• Blast  and  burn,  LDg0  (blast)  ■»  34.7  psi 

• Blast  and  bum  plus  250  rad,  LDcq  (blast)  » 27.7  psi 

• Blast  and  burn  plus  350  rad,  I.Djq  (blast)  » 19.3  psi. 

Lovelace  Data  (Ref.  5.140).  Experiment  as  per  above 
with  constant  blast  of  27  psi. 

• Blast  only,  no  fatalities 

• Burn  only,  no  fatalities 

« 250  rad  only,  177.  fatalities  in  30  days 

• 350  rad  only,  557.  fatalities  in  30  days 

• Burn  plus  250  rad,  127.  fatalities  in  30  days 

• Bum  plus  blast,  197.  '•'atalities 

• Blast  plus  250  rad,  nc  fatrlities  in  30  days 

• Burn  plus  blast  plus  250  rad,  427.  fatalities  in 
30  days 

j Burn  plus  plast  plus  350  rad,  947.  fatalities  in 
j 30  days  . 

Contact  Burns 

J.W.  Brooks,  bl  al.  (Ref.  5.52).  Dogs  exposed  to 
conditions  of  Ref.  5.147  (indicated  above)  and  com- 
pared to  previous  studies  of  contact  burns  of  com- 
parable depth  and  extent. 

• Conclusion  was  that  from  both  blood  culture  and 
mortality  studies,  flash  burns  produced  a less 
fatal  outcome.  This  was  throught  to  be  greatly  in- 
fluenced by  Che  initial  ascar  formation  in  the 
fJcsh  burn,  which  acted  as  a protective  coat  to  pre- 
vent Che  purulent  suppuration  seen  in  contact  lesions. 


S.L.  Alpen  and  G.E  Sheline  (Ref.  5.151).  Sprague- 
Dawley  rats  exposed  to  dip  burn  (water  at  S0°C,  25 
seconds,  16-3%  body  area)  and  x-rays  (100-500  rad) . 

• No  fatalities  from  100-250  rad  alone 

• 20%  fatalities  froir,  500  rad  alone 

• Sub-lethal  bums  (16-20%  area)  plus  500  rad 
produce  757.  fatalities 

• Bums  that,  alone,  produce  507.  fatalities  (31-357. 
area)  produce  657.  fatalities  when  combined  with 
100  rad  and  1007.  fatalities  with  250  rad. 

J.W.  Brooks,  et  al.  (Ref.  5.156).  Dogs  exposed  to 
contact  bum  (brass  plate  at  60°C,  1 min  per  appli- 
cation, 207.  body  area)  and  x-rays  (up  to  100  rad)  ;• 
no  differences  observed  in  order  of  exposures. 

• 12%  fatalities  from  bum  alone 

© 207.  fatalities  from  both  burn  and  25  rad 

• 757.  fatalities  from  both  burn  and  100  rad 

• Above  reduced  to  16%  fataliti'-s  by  treatment 
with  penecillin. 

5.6.5  Trial  Criteria 

The  above  "sample-'  results  vo-y  widely  in  statistical 
accuracy  and,  even  with  regard  to  general  trends,  are  not 
satisfyingly  consistent.  For  this  brief  study,  we  define 
below  two  sets  of  combined  injury  facality  criteria,  one 
thought  to  be  fairly  'pessimistic"  (high  mortality)  and  one 
thought  to  be  more  "optimistic."  Both  sets  pertain  to  multiple 
effects  received  at  nearly  the  same  time  and  the  assumption 
that  no  treatment  with  antibiotics  is  available. 


Pessimistic  Criteria 

At  and  below  a yield  ,vl0  KT.  a dominant  blast  casualty 
mechanism  for  people  in  built-up  areas  is  expected  (Ref.  5.70) 
to  bo  debris  resulting  from  structural  failures.  This,  in  turn. 


can  be  expected  to  produce  a sizable  incidence  of  external 
wounds.  Open  wounds  together  with  ionizing  radiation,  both 
in  the  lethal  range,  tend  to  show  an  additive  (not  independent) 
combination  of  fatality  probabilities.  To  be  on  the  pessimistic 
side,  we  consider  this  to  hold  true  for  wounds  in  the  sub- lethal 
(but  serious)  range.  Namely,  our  "pessimistic"  assumptions  are 
that  all  blast  injuries  produce  open  wounds  and  that  "burdening” 
(sub-lethal)  blast  injuries  (Ref.  5.70)  lead  to  the  same 
additive  fatality  probabilities  as  those  in  the  lethal  range. 

In  combination  with  ionizing  radiation,  flash  burns 
appear  to  be  considerably  less  hazardous  than  contact  burns 
but,  for  the  pessimistic  case,  we  will  not  make  this  assumption. 
Also,  we  will  adopt  the  general  trends  of  the  strongest  syn- 
ergism (Ref.  5.154)  reported  in  the  references  examined. 

The  Pessimistic  Criteria  are  then  defined  as  follows. 

• Blast  and  thermal  radiation  without  ionizing 
radiation:  blast  Pg  revised  as  follows  for 
Ionizing  radiation  exposures  >200  rad 

pBLAST  -BLAST  , -INITIAL  - BLAST  . , 

PK  ' PK  + PK  - PK  i 1 - 

Dl  ACT 

where  PR  is  the  burdening  injury  probability 

for  blast  (Ref.  5.70)  and  P*NITIAL  the  fatality 
probability  for  ionizing  radiation  (vO  at  200  rad). 

• Thermal  exposure  to  flash  with  ionizing  radiation: 
thermal  Pg  revised  when  free-field  level  is  >2  cal/ 
cmz  (approximate  threshold  for  second  degree  burn) : 

- Initial  <25  rad,  no  change 

- 25  rad  < initial  < 100  rad. 


-THERMAL  -THERMAL  , - sn 


-THERMAL 
*K  - 


These  revised  Pv  values  are  then  combined  in  the  usual  fashion. 


1 - (1  - pZ 


u)d  - P, 


INITIAL.. 


Optimistic  Criteria 


For  blast  and  ionizing  radiation,  we  still  assume  that 
the  blast  hazards  produce  a high  incidence  of  external  wounds 
but  that  combined  injury  effects  (additive  instead  of  indepen- 
dent probability  combinations)  are  seen  only  in  the  lethal 
region. 

For  thermal  and  ionizing  radiation,  we  still  take  the 
general  indications  of  Ref.  5.154  but  now  assume  that  only  con- 
tact burns  produce  a combined  injury  effect.  The  probability 
of  producing  contact  bums  from  radiant  exposure  of  clothing 
worn  by  civilians  is  quite  complicated  and  has  not  been  com- 
pletely analyzed  to  date.  Several  factors  are  involved  in 
determining  whether  the  bum  is  due  to  transmission  through; 
or  ignition  of,  the  fabric.  In  transmission  bums  the  factors 
include  fabric  material,  color,  weight,  number  of  layers  and 
spacing.  Ignition  bums  are  further  complicated  by  additional 
considerations  including  a variety  of  possible  ignition  thres- 
holds, different  thresholds  for  transient  or  sustained  ignition, 
the  falling  away  of  burning  fabric,  and  secondary  fabric  pro- 
ducts such  as  hot  vapors  and  hot-sticky  residues  (which  also 
produce  contact  burns). 

Some  pertinent  data  are  given  in  Refs.  5.55,  5.56,  5.81, 
5.82,  5.155,  and  5.156.  Mixter,  et  al.  (Ref.  5.155)  studied  fabric 
contact  burns  of  white  pig  skin  in  which  the  animal  was  placed  next 
to  fabric  clamped  in  a 1.7  cm,  water  cooled  exposure  port.  The  re- 
sults were  scaled  to  2°  human  bums,  and  the  exposure  (cal/cmZ) 
necessary  for  3 contact  burn  was  found  to  increase  by  about 
3007.  when  going  from  black  to  white  material  or  from  material 
in  contact  with  skin  to  material  about  5 mm  from  the  skin. 

The  experiments  of  Mixter  and  other  investigators  used  exposure 
times  ranging  from  250  msec  to  30  sec,  which  presents  addi- 
tional problems  when  scaling  to  yields  of  10  KT  or  less.  From 


our  analysis  to  date,  the  best  estimate  for  averagely  dressed 
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civilians  in  the  summer  would  be  about  6 cal/ cm  for  a signifi 
cant  probability  of  producing  a 2°  contact  burn  from  exposure 
to  the  thermal  flash  of  ^.I-IO  KT  weapons. 

The  Optimistic  Criteria  are  then  defined  as  follows: 

• Blast  and  thermal  radiation  without  ionizing 
radiation:  no  change 

• Blast  with  ionizing  radiation:  blast  PK  revised 
as  follows : 


pBLAST  , pINITIAL 
*K  iC 


pBLAST 

K 


Thermal  exposure  to  flash  with  ionizing  radiation: 
thermal  P„  revised  as  follows  when  free-field 
level  >6  cal/cm^: 

- Initial  <25  rad,  no  change 

- 25  rad  < Initial  < 100  rad 


pTHERMAL 


pTHERMAL  + „ 5 


pTHERMAL 
*K  - 


- Initial  >100  rad, 

pTHERMAL  1.0. 

MC 

5.6.6  Effects  Produced  by  Assumed  Combined  Injury  Criteria 


One  example  of  the  effects  produced  by  the  trial  com- 
bined injury  criteria  defined  here  is  shown  in  Figure  5.24. 
Damage  functions,  as  discussed  in  Section  7 are  shown 
in  this  figure.  Both  the  expectation  values  and  907. 
confidence  limits  are  shown  for  the  "nominal"  (no  com- 
bined injury  effects)  fatalities  produced  by  a 10  KT  weapon 
and  a sheltering  category  of  aboveground  portions  of  typical 
residences  with  10%  of  the  occupants  fully  exposed  to  the  ther 
mal  flash  and  flying  glass  from  broken  windows.  Using  the 
"Optimistic"  combined  injury  criteria  produces  essentially  no 
difference  from  the  nominal  expectation  values , whereas  the 


Range  (km) 

Figure  5.24.  Example  of  effects  produced  by  combined  injury  criteria. 
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"Pessimistic"  criteria  give  higher  fatality  probabilities  than 
the  upper  907.  confidence  limit  of  the  nominal  criteria  when 
the  latter  produce  pfcs  in  the  range  vO.l  to  0.5  (between  about 
1.2  and  2.0  km  in  range).  The  Optimistic  Criteria  make  little 
difference  in  this  case  because  (1)  the  P^  for  initial  radia- 
tion greatly  dominates  that  for  airblast  out  to  ranges  where 
both  are  small,  and  thereafter  the  ?k  from  the  glass  hazard 
dominates  the  rapidly  falling  Pk  from  initial  radiation;  and 
(2)  for  the  107.  of  people  exposed  to  thermal  radiation,  the 
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difference  in  range  between  the  thermal  criterion  (6  cal/cm  ) 

2 

for  contact  bums  and  the  mid- lethal  (8.6cal/cm  ) value  is 
fairly  small  and  occurs  where  the  ionizing  radiation  exposure 
is  low  (vlO-40  rad).  The  Pessimistic  Criteria  produce  the 
greatest  difference  from  the  nominal  criteria  at  a range  ->-1.1  - 
1.2  km.  There,  the  thermal  radiation  is  lethal  but  in  this 
sheltering  case  contributes  only  a Pk  ' 0.1.  The  effect  is  due. 
rather,  to  satisfying  the  Pessimistic  Criteria  for  air'-  st 
(PB  = 507.  near  4 psi)  and  ionizing  radiation  (?k  > 0 near  200 
rad),  since  between  1.1  and  1.2  km  the  airblast  varies  from 
v5  to  4 psi  and  the  ionizing  radiation  (inside)  from  1450  to 
200  rad. 

This  preliminary  study  has  resulted  in  no  clear  indica- 
tion of  the  possible  significance  of  combined  injuries.  Con- 
sequently, as  improvement  in  the  criteria  for  combined  injuries 
becomes  available,  several  burst  conditions  and  sheltering  situa- 
tions should  be  examined  more  closely  for  a better  assessment 
of  the  potential  impact  of  combined  injuries  on  the  damage 
functions.  The  available  biomedical  data  will  probably  limit 
this  to  an  examination  of  the  damage  functions  for  fatalities, 
not  of  those  for  non-fatal  injuries. 
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6.  METHODOLOGY  FOR  GENERATING  DAMAGE  FUNCTIONS 


This  section  describes  the  methodology  that  was  developed 
to  generate  the  damage  functions  and  their  confidence  limits. 

This  methodology  has  been  incorporated  in  a Monte  Carlo  simula- 
tion code,  WEREUA,  (Weapon  Responses  Uncertainty  Analysis)  which 
was  used  to  generate  the  casualty  damage  functions  given  in  Section 
7 of  this  report. 

Basically,  the  WEREUA  code  accepts  as  input  the  weapon  en- 
vironments and  their  uncertainty  parameters,  shelter  protection 
factors  and  their  uncertainty  parameters  and  personnel  response 
criteria  and  their  uncertainties  The  code  then  utilizes  a 
Monte  Carlo  simulation  to  estimate  the  damage  function  as  well 
as  to  perform  an  error  propagation  analysis. 

6 . 1 OVERVIEW  OF  THE  METHODOLOGY 

WEREUA  has  been  used  to  estimate  the  overall  uncertainties 
in  weapon  environments  and  the  responses  to  such  environments. 

This  was  done  by  taking  a base  environment  and  applying  correction 
factors.  If  only  two  independent  factors  existed,  the  environment 
E was 


E 


F1  ' F2  ' EBASE 


The  correction  factor  approach  was  used  for  all  nuclear 
radiation  and  airblast  environments.  This  approach  was  adopted 
to  minimize  the  time  required  to  regenerate  the  various  environ- 
ments for  each  Monte  Carlo  sample.  However,  for  the  thermal 
radiation  environment,  a small  SAI  code  THERMX  (Ref.  6.1)  was 
used  to  obtain  an  estimate  of  the  thermal  radiation  environment 
for  each  sample. 


The  calculacional  flow  of  WEREUA  is  shown  in  Figure  6.1. 
Uncertainties  and  other  parameters  were  input  into  the  code, 
from  which  the  correction  factors  are  calculated  for  the  nuclear 
radiation  or  airblast  environments.  If  a thermal  radiation 
environment  was  required,  a set  of  parameters  for  THERMX  were 
input.  The  base  environment  was  interpolated  from  tables  or 
calculated  (thermal)  and  the  correction  factors  were  applied. 

The  modified  environment  value  was  then  stored  as  a sample 
value.  After  the  required  number  of  samples  had  been  collected, 
the  statistics  were  calculated  and  the  results  were  output  to 
both  disk  and  printer.  This  output  included  the  environment 
probability  density  function  as  a function  of  range  and  parameters 
which  characterized  it  (e.g.-,  mean  value,  standard  deviation  and 
confidence  levels) . The  above  procedure  was  carried  out  for 
selected  ranges  for  each  environment. 

After  all  of  the  environment  distributions  had  been  deter- 
mined and  stored  on  disk,  the  weapon  response  calculations  were 
made.  The  environments  were  read,  in  INPUT2 , along  with  the  para- 
meters for  finding  the  shelter  protection  and  response  for  each 
environment.  For  every  range  and  all  environments,  the  protection 
factors  for  the  shelter  were  calculated.  Each  environment  was 
modified  by  these  factors  to  determine  the  environment  inside  the 
shelter.  The  response  to  the  modified  environment  was  then 
determined.  When  this  had  been  completed,  a combined  response 
due  to  all  environments  was  found.  As  above,  this  value  was 
stored  as  a sample  and  statistics  were  collected,  with  the  final 
result  was  a response  distribution  for  each  range.  Mean 
values  and  confidence  levels  versus  range  were  found  from  these 
distributions. 


liSX-  '■  ' 


6.2 


DESCRIPTION  OF  WEAPON  ENVIRONMENT  MODULES 


F 


In  this  section  the  blocks  shown  in  Che  Environment  section 
in  Figure  6.1  will  be  described  in  greater  detail,  along  with 
examples  of  results. 

6.2.1  INPUT  1 


INPUT  1 is  the  input  section  for  the  weapon  environment 
calculation.  Along  with  housekeeping  parameters  and  range  step 
information,  it  reads  the  uncertainties  to  be  used  in  determin- 
ing the  correction  factors.  Table  6.1  lists  these  uncertainties, 
many  of  which  may  not  be  required  for  any  given  problem. 

The  uncertainties  are  specified  by  the  following  para- 
meters : 

Uncertainty  identification 
Type  of  distribution 

Name  of  distribution 

Four  parameters  which  define 
the  distribution.  Generally 
different  for  different 
distributions. 

Table  6.2  gives  examples  of  some  of  the  values  used  for  the  un- 
certainties. Once  read  in,  the  uncertainties  are  stored  and 
modified  for  use  in  Che  subsequent  calculations. 


HUM  for  humidity,  etc. 

Constant,  one-dimensional, 
range  dependent,  joint  two- 
dimensional,  etc. 

Constant,  Gaussian,  Johnson 
SB,  etc. 

For  a Gaussian,  these  would 
be  mean,  standard  deviation, 
minimum  and  maximum. 


6.2.2  Correction  Factors/Parameters 

For  each  uncertainty  considered,  the  program  picks  a value 
randomly  from  its  distribution.  This  value  is  used  directly  as  a 
correction  factor  or  a parameter  value,  as  in  the  case  of  the 
neutron  yield,  or  is  used  to  calculate  the  correction  factor,  as 
ir.  the  case  of  temperature  for  the  humidity  correction.  All 
factors  are  used  as  multipliers  of  the  environment. 


{ 


Table  6.1.  Uncertainties  for  weapon  environment 
calculations . 


Neutron  transmission  through  air 
Secondary  y transmission  through  air 
Primary  y transmission  through  air 
Fission  y transmission  through  air 

Neutron  spectra  correction 
Secondary  y spectra  correction 
Primary  y spectra  correction 
Fission  y spectra  correction 

Neutron  asymmetry  correction 
Secondary  y asymmetry  correction 
Primary  y asymmetry  correction 
Fission  y asynmetry  correction 

Neutron  air  ground  correction 
Secondary  y air  ground  correction 
Primary  y air  ground  correction 
Fission  y air  ground  correction 

Terrain  correction 

Humidity  correction  (for  transmission) 
Range  correction  (for  pressure) 

Weapon  yield  (Kt) 

Neutron  yield  (number/Kt) 

Primary  y yield  (number/Kt) 

Fission  y yield  (number/Kt) 

Thermal  partition 

Height  of  burst 
Elevation 
Temperature 
Pressure 

Humidity  (for  density  calculations  and  p-r 
scaling) 

Met^orlogical  range 
Height  of  cloud  cover 
Percentage  of  cloud  cover 
Percentage  of  days  of  cloud  cover 
Ground  albedo 
Thermal  partition 
Miscellaneous  special  parameters 
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Example  weapon  environment  uncertainty  parameters 
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The  selection  of  the  random  quantities  followed  the 
methods  given  by  McGrath,  et  al.  (Ref.  6.2)  for  probability 
distribution  functions.  If  an  uncertainty  was  range- dependent 
and  did  not  exist  at  a desired  range,  a new  distribution  was 
constructed  from  the  existing  ones  by  interpolation.  This  was 
done  once  at  the  start  of  each  new  range.  The  program  can  also 
pick  from  joint  distributions  as  was  done  for  cloud  ceiling 
versus  visibility. 

Importance  sampling  is  also  available.  This  permits 
picking  of  values  from  a biased  distribution  in  order  to  en- 
hance che  statistics  in  a desired  region,  such  as  the  tails  of 
the  calculated  distributions.  This  was  accomplished  by  entering 
both  the  biased  and  unbiased  distributions  and  calculating  a 
weight  such  that 


WUBPUB 


unbiased  weight  - set  to  1 

probability  of  choosing  from  unbiased  distribution 
biased  weight 

probability  of  choosing  from  biased  distribution 


These  weights  were  carried  along  during  the  calculation  and 
multiplied  together  to  form  che  final  weighting  factor.  It  was 
implicice  in  this  multiplication  that  the  probabilities  were  in- 
dependent. In  fact,  after  the  value  was  picked  for  each  uncer- 
tainty, the  program  considered  them  independent. 

6.2.3  Neutron  Radiation  Correction  Factors 

The  uncertainties  used  in  determining  the  neutron  dose  cor- 
rection factors,  which  were  used  directly  as  factors,  were: 


f 
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Weapon  energy  output 
Weapon  neutron  yield 
Neutron  transport 
Neutron  spectra 
Neutron  asymmetry 
Air  ground  correction 

Uncertainties  which  were  used  to  calculate  factors  were: 

Temperature 

Pressure 

Atmospheric  relative  humidity 
Ground  elevation 
Hydrogen  content  of  soil 
Height  of  burst 

The  atmospheric  uncertainties  were  used  to  find  changes  in  the 
neutron  transport  due  to  atmospheric  density  changes  and  water 
vapor  content. 

The  base  neutron  dose  was  calculated  for  sea  level  and 
standard  atmospheric  conditions.  To  account  for  the  dose  varia- 
tions due  to  the  atmospheric  density  difference  between  standard 
conditions  and  those  selected  by  the  program,  p-r  scaling  was 
used.  For  a time-dependent  flux,  the  p-r  scaling  was  formulated 


base  flux 

standard  sea  level  atmospheric  density 

atmospheric  density  (see  Section  6.2.9) 

slant  range  at  sea  level 

current  slant  range 

flux  scaled  for  the  density  change. 


and  *2  were  known,  p2  was  calculated  and  K was  found, 
was  then  calculated,  ar.d  the  base  dose  found  from  Che  dose  tables 
(it  was  assumed  that  dose  and  flux  scale  the  same  way).  This 

2 

dose  was  then  multiplied  by  K Co  give  the  scaled  dose. 

The  dose  correction  factor  for  atmospheric  humidity  was 
obtained  by  first  estimating  the  water  vapor  density.  This  was 
based  on  the  relative  humidity  and  temperature  (see  Section  6.2.9) 
The  data  given  in  Table  6.3  was  used  to  obtain  the  dose  correction 
factor.  A linear  interpolation  was  performed  using  the  calculated 
water  density  to  find  the  dry  (ATR)  dose  ratio  to  the  current  re- 
quired value.  The  corrected  dose  was 

“correct  “ Ddry/ratio 

The  hydrogen  content  of  the  soil  was  used  to  find  a cor- 
rection factor.  Figure  6.2  shows  the  distribution  of  hydrogen 
content  of  European  soils.  This  distribution  was  then  folded 

with  a curve  similar  to  Figure  6.3,  taking  a hydrogen  content  of 
-3  T 

9 x 10  gm/cm  as  base  case  (this  value  was  used  in  ATR  to 
generate  the  base  environment).  Figure  6.6  shows  a representative 
distribution  of  the  correction  factor  used  for  conditions  listed 
in  the  figure. 

6.2.6  Secondary  Gamma  Correction  Faccors 


CORRECTION  FACTOR 


Figure  6.4. 


Dose  correction  factors  for  water  in  soils 
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Primary  gamma  transport 
Primary  gamma  spectra 
Primary  gamma  asymmetry 
Weapon  primary  gamma  yield 

6.2.6  Fission  Gamma  Correction  Factors 

The  same  uncertainties  as  given  in  Section  6.2.3  were  used 
except  for  the  neutron  specific  ones.  Those  were  replaced  by: 

Fission  gamma  transport 

Fission  gamma  spectra 

Fission  gamma  asymmetry 

Fission  fraction  for  primary  gamma  yield 

6.2.7  Overpressure  Correction  Factors 

The  basic  overpressure  environment  was  generated  for  sea 
level  and  standard  atmospheric  conditions.  The  uncertainties 
associated  with  this  environment  were: 

Weapon  yield 
Height  of  burst 

Range  error  to  an  overpressure  level 

Atmospheric  pressure 

Terrain 

6.2.8  Thermal  Radiation  Parameters 

There  were  no  correction  factors  for  the  thermal  environ- 
ment. The  uncertainties  were  used  as  input  parameters  for  the 
thermal  radiation  generation  module  for  calculating  the  environ- 
ment for  each  sample.  The  uncertainties  used  were: 


Weapon  yield 

Weapon  thermal  partition 

Height  of  burst 

Temperature 

Pressure 

Relative  humidity 
Meteorological  range 


Cloud  ceiling 

Cloud  height 

Cloud  optical  thickness 

Percent  cloud  cover 

Percent  cloudy  days 

Ground  albedo 

Ground  elevation 
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6.2.9  Calculation  of  Atmospheric  Properties 


The  atmospheric  density  was  calculated  for  a given  tempera- 
ture T(°K) , pressure  and  relative  humidity  by  using  the  equation 
of  state. 


where 

md  “ dry  air  mass  28.9644  gm/mole 
R » ideal  gas  constant  8.3143  x 10^ 
T*  « virtual  temperature 
P “ atmospheric  pressure 

T*  is  defined  by 

T „ T 
1*3/liq  1-3/8  | 

specific  humidity 
water  vapor  pressure 
humidity  is  approximately 


T*  - 

where 

q « 

e « 

The  relative 


Rll  % -2-  x 100 
qs 

where 

qs  = the  saturated  specific  humidity  and  is  given  by 
.622  es 

qs  “ V - s 


where 


e, 


the  saturated  vapor  pressure. 


es  is  approximated  by 


In  es  - 1.80957  + 0.079447t  - 4.2899610'V 

where  t is  the  temperature  in  °C.  This  fit  is  good  to  within 
10  percent  over  the  range  -50°C  to  49°C  to  the  data  given  in  the 
"Handbook  of  Chemistry  and  Physics." 

To  determine  the  water  vapor  content,  the  equation  of  state 
for  water  vapor  was  used. 


w 

KT  w 


where 

« 18.01  gm/mole,  and 

Pw  ” the  water  vapor  density. 

The  relative  humidity  was  defined  as 


RH 


100 


where 


Pws  is  the  saturated  absolute  humidity  given  by 


v\. 

“KT" 


and  e is  given  above.  The  water  density  was  then 


6.3 


BASIC  WEAPON  ENVIRONMENTS 


WERUA  requires  the  use  of  the  basic  weapon  environments 
(nuclear  radiation,  airblast  and  thermal  radiation).  Because  of 
the  time  involved  in  generating  the  nuclear  radiation  and  over- 
pressures for  each  sample,  a set  of  basic  environments  were  gener- 
ated. The  correction  factors  described  above  were  used  to  approxi- 
mate the  effects  that  the  uncertainties  would  have  on  these 
environments.  This  section  describes  how  the  basic  environments 
were  obtained. 

6.3.1  Nuclear  Radiation  Environment 

ATR  (Ref.  6.3)  (Air  Transport  of  Radiation)  was  used  to 
generate  the  nuclear  radiation  environments  for  given  yields, 
source  spectra,  HOB's  and  ranges  for  sea  level  and  standard  atmo- 
spheric conditions: 

T - 288. 15°K 

P = 1013.25  Mb 

■a 

p « 0.001225  gm/cm 

If  the  weapon  is  boosted  or  is  a thermonuclear  device,  then 
a second  step  which  combines  the  ATR  outputs  with  the  correct 
normalizing  factors  for  each  spectral  component  (fission,  fusion) 
is  carried  out. 

A set  of  data  containing  the  dose  as  a function  of  range 
for  several  heights  of  burst,  and  yields,  constitutes  the  basic 
radiation  environment.  These  data  were  stored  on  disk  and  was 
the  input  to  WEREUA  whenever  the  nuclear  radiation  was  required. 

6.3.2  Airblast  Environment 

The  basic  airblast  environment  was  a tabulated  repre- 
sentation of  Broae's  (Ref.  6.4)  peak  overpressure  for  over- 
pressure >70  psi,  and  EM-1  (Ref.  6.5)  data  for  <70  psi. 

1/3 

The  tables  were  arranged  by  HOB  and  are  scaled  by  (yield) 

The  overpressure  was  found  by  interpolating  the  tables  on  HOB 


and  range,  given  the  weapon  yield,  HOB  and  range.  Over- 
pressure was  assumed  to  be  independent  of  weapon  type. 

6.3.3  Thermal  Radiation  Environment 


■ THERMX,  a code  which  calculates  the  thermal  radiation  for 
low  altitude  nuclear  bursts,  was  used  to  generate  thermal  environ- 
ments for  each  sample.  The  required  parameters  for  THERMX  were 
those  listed  in  Section  6.2.8. 


I i 
, 


6.3.4  Application  of  Correction  Factors 

After  the  correction  factors  had  been  determined,  they 
were  applied  to  the  appropriate  environment  as  given  by  the 
following  equation. 

Ec  “ <"fEi>  EB 

where 

E ” corrected  environment 
c 

Eg  = basic  environment 
CF^  » correction  factor 

N “ number  of  correction  factors 

If  a truncated  distribution,  or  importance  sampling  was 
requested,  a weight  was  also  assigned  to  each  sample  environment. 
Weights  were  calculated  by  the  formula : 

n 

W.  - n <W.) 
c i-1  i 

where 

Wc  » weight  corresponding  to  environment  Ec, 

W^  » individual  uncertainty  weights,  and 
n - number  of  uncertainties  used. 
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1 


i 
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6.4 


STATISTICS  ANALYSIS 


Each  sample  of  an  environment  was  stored  along  with  its 
weight.  When  all  samples  had  been  collected,  they  were  ordered 
by  value  in  a monotonically  increasing  sequence.  The  mean 
value,  standard  deviation  and  confidence  levels  were  determined. 
Distribution  functions  in  5 percent  and  10  percent  probability 
bins  were  generated.  Figure  6.5  shows  a 10  percent  probability 
bin  neutron  dose  distribution  along  with  the  error  bars  that 
indicate  the  statistical  significance  of  the  sampling.  This 
sampling  error  was  assumed  to  have  binomial  distribution  with 
a value 


ErrorB 


1/2 


where 

N " total  qumber  of  samples,  and 


Ng  - number  of  samples  in  bin  B. 
6.5  WEAPON  ENVIRONMENT  OUTPUT 


The  output  from  the  weapon  environment  section  consisted 
of  distributions  at  predetermined  range  values.  These  distribu- 
tions were  represented  as  histograms  along  with  the  error 
associated  with  each  bin  due  to  the  sampling  procedure.  There 
was  a set  of  distributions  for  each  of  the  six  weapon  environments. 

Table  6.4  shows  a distribution  for  the  peak  overpressure 
environment  at  1000  meters,  as  generated  with  the  uncertainties 
in  Table  6.2.  The  environment  distributions  were  stored  on  disk 
by  weapon  type,  yield,  HOB  and  range  for  use  in  the  response 
section  of  the  calculation. 

The  printed  output  consisted  of  listing  the  mean  values, 
standard  deviation,  confidence  limits  and  the  distributions  for 
each  environment  and  range.  An  example  is  given  in  Figure  6.6 
for  the  case  shown  in  Table  6.4. 
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6.6 


DESCRIPTION  OF  RESPONSE  SECTION  MODULES 


The  response  section  used  the  environment  distributions, 
modified  them  by  the  shelter  factors,  and  with  a given  response 
function,  determined  the  response.  The  response  functions  and 
shelter  parameters  were  input. 

6.6.1  INPUT  2 

A set  of  weapon  environment  probability  distributions,  e.g. 
thermal  radiation,  was  generated  as  described  above.  These  were 
generated  at  a set  of  range  points  and  vere  for  a specific  weapon 
type,'  yield,  and  height  of  burst.  These  distributions  were  read 
as  input  into  INPUT  2 along  with  shelter  protection  data  and 
personnel  response  data  (and  uncertainty  data) . 

A new  set  of  weapon  environment  probability  distribu- 
tions were  generated  at  a different  set  of  range  points, 
which  were  selected  to  adequately  define  the  shape  of  the 
damage  function.  The  new  environment  distributions  were 
based  on  the  assumption  that  the  environment  was  proportional  to 
the  logarithm  of  the  slant  range  between  the  old  environment 
range  points. 

6.6.2  shelter  Protection  Factors 

A provision  was  made  to  allow  each  of  the  weapon  environ- 
ments to  be  reduced  according  to  the  protection  afforded  by 
shelters.  This  was  done  by  reducing  the  free-field  weapon 
environment  by  a given  protection  factor  (this  was  a user  input). 
The  code  accepted  the  following  protection  factors: 

• Neutron  Dose 

• Prompt  Gamma-Ray  Dose 

• Air  Secondary  Gamma-Ray  Dose 

• Fission  Product  Gamma-Ray  Dose 

• Peak  Overpressure 

• Thermal  Radiation 


Uncertainties  in  the  shelter  protections  factor  were 
treated  by  specifying  a fraction  of  the  population  that  would 
have  a given  protection  factor.  An  example  for  nuclear  radia- 
tion protection  factors  are  shown  in  Table  6.5. 

t 

6.6.3  Personnel  Response 

r 

Personnel  response  was  treated  in  a manner  similar  to 
that  for  shelter  protection.  As  with  the  shelter  module  this 
was  user  defined.  An  example  of  some  of  the  different  uncer- 
tainties used  for  the  nuclear  environment  are  shown  in  Table  6.6. 
The  response  was  calculated  using  a cumulative  lognormal  function 
which  for  P > 0.5  is 


where  P is  the  probability  of  damage.  D5Q  is  the  LD  or  BD  value, 
given  in  Table  6.6,  2 the  variance  to  mean  ratio  (an  input  para- 
meter and  B given  by 


'•  A response  distribution  was  generated  at  each  of  the  ranges 
for  a specific  environment-response  combination.  These  distribu- 
tions were  then  used  to  obtain  the  mean  value,  standard  deviation 
and  confidence  limits  of  the  response.  All  of  the  environment 
response  combinations  were  then  calculated.  The  range  dependent 
mean  values  were  taken  to  be  the  contribution  to  the  damage  func- 
tions for  a specific  environment- response  combination.  All  of  the 
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PARTIAL  EXPOSURE  + •*  IMPACT  NOT  KNOWN 


contributions  were  then  calculated.  An  example  is  shown  in  Figure 
6.7  of  the  various  contributions  to  the  overall  damage  function . 


6.6.4  Combine  Response 

The  individual  contributions  were  combined  to  formulate 
the  damage  function  (mean  value  as  well  as  confidence  limits) . 
Figure  6.8  shows  an  example  for  the  combined  damage  function  for 
people  in  residences,  given  the  separate  responses  as  shown  in 
Figure  6.7.  The  combining  module  for  this  example  placed  90  per- 
cent of  the  population  at  risk  to  initial  nuclear  radiation  and 
airblast  effects,  with  the  individual  responses  combined  as 


“90 


1 ' (1  ‘ PBLAST  ' ^INITIAL  > 


DEBRIS 


RADIATION 


The  remaining  10  percent  were  at  risk  to  initial  nuclear  radia- 
tion. thermal  radiation  and  glass  hazards.  Individual  responses 
were  combined  by 


“10 


1 - (1 


PGLASS)(1  ' PFLASH 


)(1  ' PINITIAL 

RADIATION 


A total  response  curve  was  formed  by  caking  Pg0  and  P^q  and 
combining  as 
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7.  COLLATERAL  DAMAGE  ESTIMATION 


This  section  contains  the  basic  data  for  estimating 
casualties  produced  by  nuclear  weapons,  i.e.,  the  damage  func- 
tions for  fatalities  and  injuries.  The  damage  functions  were 
obtained  using  the  biomedical  effects  data  (casualty  criteria 
and  uncertainties)  given  in  Section  5,  the  sheltering  data 
given  in  Section  4 and  the  weapon  environment  data  given  in 
Section  3.  Section  7.1  contains  damage  functions  for  weapons 
in  the  yield  range  from  0.1  to  10  KT.  Each  graphical  display 
of  a damage  function  contains  data  for  five  weapon  yields  (0.1, 

0.3,  1.0,  3.0  and  10  KT) , for  a specified  height  of  burst 

1/3 

(three  are  given,  surface,  200  and  600  ft/KT  ' ) , for  either 
injuries  or  fatalities  and  for  one  of  three  shelter  categories 
(in  the  open,  residences  or  basements).  Section  7.2  contains 
graphical  displays  of  damage  functions  and  upper  and  lower  con- 
fidence bounds  (907.)  on  the  damage  function.  Also  shown  are 
the  dominant  weapon  effects  (nuclear  radiation,  thermal  radia- 
tion and  airblast.  Although  several  airblast  effects  were  used 
in  the  analysis  (direct  effects  on  body  organs,  secondary  effects 
caused  by  debris  and  tertiary  effects  - whole-body  translation) , 
only  the  most  important  effects  are  shown. 
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7.1  DAMAGE  FUNCTIONS  - LOW  YIELD  WEAPONS 

Figures  7.1  through  7.18  show  damage  functions  for 
weapon  yields  between  0.1  and  10  KT.  The  graphical  displays 
are  organized  as  follows . 
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Figure  7.19.  Injury  Damage  Function,  People  in  the  Open,  0.1  KT 
Surface  Burst. 
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figure  7.50.  Fatality  Damage  Function,  People  in  the  Open, 
600  fc/KTJ/3  Scaled  Height  of  Burst. 
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Figure  7.60.  Fatality  Damage  Function,  People  in  the  Open,  100  KT,  600  ft/KT*^ 
Scaled  Height  of  Burst. 
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Figure  7.77.  Injury  Damage  Function,  People  in  Residences,.  1.0  KT,  600  ft/KT1/J  Scaled 
Height  of  Burst. 
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.82.  Fatality  Damage  Function,  People  in  Residences, 
Surface  Burst  . 


Burst 


Figure  7.84.  Fatality  Damage  Function,  People  in  Residences,  1 KT, 
Surface  Burst . 


7.86.  Fatality  Damage  Function,  People  in  Residences,  10  KT, 
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Fatality  Damage  Function,  People  in  Residences,  0.3  KT , 
200  ft/KT1^3  Scaled  Height  of  Burst. 


Figure  7.91.  Fatality  Damage  Function,  People  in  Residences 
1 / 

200  ft/KT  Scaled  Height  of  Burst. 


;ure  7.92.  Fatality  Damage  Function,  People  in  Residences,  3 KT, 
200  £t/KT]/3  Scaled  Height  of  Burst. 


Figure  7.94.  Fatality  Damage  Function,  People  in  Residences,  30  KT,: 
200  ft/KT1^3  Scaled  Height  of  Burst. 


Figure  7.95.  Fatality  Damage  Function,  People  in  Residences,  100  KT, 
200  ft/KT^^  Scaled  Height  of  Burst. 
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Figure  7.99.  Fatality  Damage  Function,  People  in  Residences, 
600  ft/KT*^  Scaled  Height  of  Burst. 
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Figure  7.111.  Injury  Damage  Function,  People  in  Basements,  0.3  KT , 
200  ft/KT1^3  Scaled  Height  of  Burst. 
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Figure  7.i.'5.  Injury  Damage  Function,  People  in  Easements,  100  KT, 
200  ft/KT1/3  Scaled  Height  of  Burst. 
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Figure  1.119.  Injury  Damage  Function,  People  in  Basements,  1 KT,, 
600  ft/KT*^  Scaled  Height  of  Burst. 
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Injury  Damage  Function,  People  in  Basements,  100  KT, 
600  fc/KT^^  Scaled  Height  of  Burst. 
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Fatality  Damage  Function,  People  in  Basements,  100  KT, 
Surface  Burst. 
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,gure  7.136.  Fatality  Damage  Function,,  People  in 
200  ft/KT1/3  Scaled  Height  of  Burst. 
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